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ABJTHACF This compilation is a discussion o ga;ic shock wave
equations and theory of hydrodynamic im e impedance match
method for determining Hugoniots is outlined, Empirical data from
the Hugoniot can be used to calculate temperatures aspsociated with
the passage of shock waves, The bases for these calculations are
described. A number of empirical equations, some of which are use-
ful for computer calculations and others for graphical description

are tabulated,
CIt has Geen found that in most instances, a linear relationship
exists between shock and particle velocities, Constants appearing

in this relationship are listed for a large number of materials,s

CThe bulk of the compllitIon consists of graphs and tables nf
shock velocity, particle velocity, pressure, relative volume and
temperature associated with shocks.  For almost all materials, shock
velocity is plotted against pressure and pressure against relative
volume. In some instances where shock velocity is not linearly re-
lated to particle velocity, graphs relating the two have been drawn.>

CThe final section is a reasonably complete bibliography listing
the papers, reports, and books which contain dynamic oquation of

state data., el
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Compilation of Dynamic Equation of State Data
for Solids and Liquids

INTRODUCTION

There has been a rapid accumvlatlon of data pertaining
to the behavior of materials, metals, plastics, liquids,
end lonic compounds, subjected to intense, dynamic load-
ing. Much of these data relate to the volume changes
occurring under compression, known as dynamic equation of
state information or Hugonlot data. The experinental
results have provided the constants needed to fix in a
quantitative fashlon, the thermodynamic rarameters assoc=
iated with dynamic compression. These data have been
wldely scattered and not readlly accessible to the
nunmerous investigators who have use for them. This
compilation brings sll of the available data together in
one place in an easily usable form. It contains discussioans
of the essentlals of shock wave theory, numerous tables and
graphs, empirical equations, and a comprehenslve biblio-
graphy.

Most of the empirical data used in determinirg
Fugonlot ocurves have been obtained by making velocity
measuremente., In most of the early work, shock veloolty
and particle veloclty were measured simultanevusly and the
conservation equations were used to compute pressure-
volume re’.ationships and other thermodynamic constants,
later, after Hugoniots had beea well established for some
materials, the impedance match method becasme 1ore popular
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since it involved only %the determination of shock veloeity. .

Some attempts have been made to measure density changes direct-
1y using flash X ray techniques, but, in general, these
have not givea very accurate rasults. Dlrect measurements
of pressure are being made successfully at present using
plezoelectric quartz crystals, although the upper limit
of pressure by this technique is only about forty kllobars.
3everal methods have been used tn generate shocks.
In the early tests, an explosive charge was detonated in
intimate contact with the material under study using
explosive plane wave generators. A severe limitation of
this technique was tke fact that & wlde variation of shock
pressure could not be achieved. An important later modifi-
cation of the method was the introductlon of an impactor *
plate whioh was propelled by the explosive charge so 28 to
strike the specimen, By Judiclous cholce of impactor
plate material, and explosive oharge slze, a very wide range
of pressures were possibdble,
More recently, a number of laboratories have developed
gun impaoctor devices for geanerating shocks., These devioces
have the bilg advantage of accurately preselecting and
controlling initial conditions. With guns, extremely high
pressures, several thousand kilobars, are possible,
Pin contactors to measure fres surface veloocity gave
the first quantitative data on pa:rrticle veloolty, the

assunption being made that free surface veloolity was jJust

twice that of particle velocity. The techr.ology of the
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v
A

pin contactor has reached an exceedingly high level of
development although other techniques are gradualiy
replecing this one, One such technique utilizes the fact
that argon becomes luminescent vwhen subjected to high
intensity shock, making it possible to measure times

of arrival by observing, with a streak camera, onsets of
luminosity. In another tecrnique, surface veloocity is
monitored continuously by means c¢f a resistance wire.
Condenser techniques have alsc been found useful,

No attemrt has been made in this compllatlion to
delineate detalled experimental methods used in obtaln-
ing data. It is felt that anyone interested in full
descriptions of experimcntal methods can obtain these

best by going to tne orlginal source.

PRy
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Easic shock wave equations

A shock wave 1s in essence a noving discontinulity in
pressure, temperature, particle velocity, density, and
internal energy. For all practical purposes, the shock
wave converts Instantaneously a fluld of low density,
temperature, and pressure to one of high density, tempera~
ture and pressure. The following eguations, which can be
readily derived on “he basis of Newton's laws of motion and
the comservation ‘aws, {(CJole, 1948; Duvall, 1961) describe
fully the progress cf the shock wave and the conditions
ahead of and benind a shock moving through a material which

1s initially at rest.

Conservation of mass: e (U = u) = go U (1)
Coneervation of momentum: P - P, = (o u (2)
Conzservation of erergy: Pu-= KP U (B - Eo + ul / 2) (3)

vhere U is the veloclty with which the shock front is moving;
u s the translational partlcle velocity, the velocity with
which & point in the compressed material behind the shock
front 1s moving in the direction of motion of the front; Qo
and ( are the respective densities of the material la front
of the shock and behind 1t; and E, and E are the respective
energles of the material before and after compression.

A most useful equation, from a thermodynamio poiat of

. e e e s




NOTS TP 3798

view, i5 obtained if equations (1) and (2) are combined,
giving the relationship

E-Ey,=1/2 (P +P) [(I/QO)-(i/e)]- (4)

This relationship is frequently oalled the Renkine-Hugoniot
relation,

These four equatlions contalning as they do five
parameters, are not adequate to determine uniquely the four
paremeters. Another equatlon is required, an equatlon of
state which, when combined with equation (4), results in a
relstion between ( and v, where Vv = 1/Q , ¥nown as the
Hugonlot Q‘-v relation, or simply, the Hugonlot, This
Hugoniot relation auefines the locus of all points that will
be reached by a shock transition from the initlal state Po’ Qo.

Solving equations (1) and (2) for shock velocity and
particle velocity in tems of the pressure and density behind
the front ylelds

U = L(Q/<°) (P - Po) / (Q'Qo)] (5)

and

u = :(&- (o)/Q]U . (6)

Equations (5) and (6) are useful in caloulating shock veloclty
and particle veloclity as a function of pressure when the

equation of state is knowm,

o BB

e R
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It is also apparent from equations (5) and (6), particularly
equation (6), that a simultaneous experimental determination
of shock veloclty and particle veloclity 1s sufficlient to establish
a point on the Hugonlot Q-v curve and that a series of such
measurenents will define the entire curve.

Extensive single Hugoniot measurements on a large number
of substances (Al'tchuler, Krupnikov and Brazhnik, 1958)
indlcate that for almost all substances, shock veloclty and
particle velocity are linearly related., The reason for this

linear relationship:

U=a+ bu {(7) 3

vhere a and b are constants characteristis of the material,

§s not understood, It holds, however, for ionlec, molecular,

and netallic crystals and includes 1llquids as well as sollds ¢
and alloys. Sand (Bass, Hawk and Chabai, 1963) is a notable

exception, A specific linear relation holds only for » single

phase., When a material undergoues & phase change, the siope

chenges at the pressure where the phase change occurs, This

fact 1s used to discover and to locate more preclsely where

phase transitiom occur., Such trensitions have been observed

in bismuth (Walsh, Rice, McQueen aand Yarger, 1957 ; Al'tshuler,
Krupnikov and Brazhnik, 1958), granite (Alder, 1963; Grine,

1960; and Loabard,1961), iron and steel (!linshall,1955),

narble (Lombard, 1961; Dremin and Adadurov, 1959), playa

(Boss, Havk and Chabal, 1963), pyrolytic gravhite (Wagner, :

6
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Waldorf and Loule, 1962), taconite (Lombard, 1961), and tuff
(Lombard, 1961; Bass, Hawk and Chabal, 1963)

when shoek velocity and particle velocity are linearly
related, the equation of state can be uritten explicitly
in terms of the constants a and b of equation (7). Sub-
stituting in equation (2} the expression for 7 of equation
(7) yilelds

P = (o n{a +bu) (8)

wvhen Ig, usually equal to one atmosphere, ls consldered
negligibly small compared to P, Iquation (€) can then be

written in the fom

v/ v, = [_a + (b~=1)n ] / (a + bu), (9)
Eliminating u between equaations (8) and (9) gives

P = {o aQV\/(1-bY\1)2 (10)

vhere

T\:“"V/vo .

The equation of state, expressed by equation (10) is extreme=-

ly useful in computing thermodynanic quantitiec. 1t shouid

te notad, however, that equation (10) is applicable only when
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shock velocity and particle veloclty are linearly related.
Numerous investigators (Al'tshuler, Krupnikov and Brazhnik,
1958; Wagner, Veldorf and Lau;e, 1962) have expressed thelr
experimental results in the forn of equation (10) although
other nore enpirical equatlion:c of state are often glven,

The Los Alamos group (Walsh, Rioce, licCueen and Yarger, 1957)
for instance, have published much ol thelr equation of state

data in the purely empirical and anal&tic form

v
BN

P = ﬁfA 4 %/; 2 + efc -
where
M7 (f/o) -

and 4, L, and C are matsrial dependent constants,
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Theory of Hydrodynamle Impact

Consider tiie hypothetlcal case of two semi-infinlte
bodies colliding along a plane interface, one body, medium
1, moving with veloelty, V, in a direction perpendicular
to the interface (see figure); the other, medium 2, is
stationary. Plane shocks will be propagated from the
iriterface into both colliding bodles as indlcated in the
second figure., For most practical as well as theoretical
purposes, each shock front mey be considered a zone of
infinitesimal width across vhich there 1s a discontlnuous
Jump of pressure and velocity of the medium.

The following relationships have been derived for the
changes across the shock front, propagated inte a body at

rest, from the laws of conservation of mass, momeantum, and

energy:
[I(o = (U - u)g (1)
P:QOU\I (2)
and
E =

P/2(1/Q\°-1/Q) (3)

where U 18 shock veloelty; u 1s particle velocity behind the
shock front; (0 iz the initial density; Q i1s the density
behind the cshock front; P is the change in pressure across
the shock front; and E i1s the change in intermal energy

seross the shoek front. These conditions must hold at all

-mewmmwmmmﬂl.u.‘lﬂﬁy

ek

[PPT P S,




NOTS TP 3798

10




NOTS TP 3798

times during the course of the impact.

Two boundary conditlons further connect the shocks in %
the two bodles: Dbecause the two bodles must remain in contact z
during the collislon, the velocltles of the two materials g
on both sides of the interface must be the same, which is ;
the boundary condition of continulty of partlicle velocity;

and secondly, from Newton's third law, action equals reaction, p

the pressures in the two shocks must be equal =

P, = P, (continuity of pressure).,

Viewed from coordinates fixed with reference to the
interface, MN, the particle velocity between the two shocks
is zero: the material on each side of the interface appears
tc an observer, rlding on %he interface, to be at rest, with
shock fronts, AB and CD, moving out into each respective
medium at a velocity determined by mormentum conslderatlons.
In homogeneous media, the shock velocities will remain sonstant,
Considex now what happens to the several planes: AB, the
front of the shock moving uoward into medium 1; MN, the plane
of common ocontact beiween medium ! and 2; and CD, the front
of the shock moving dowaward into medium 2, EF 1s a fixed
plane of reference, at impact being coincident with MN. After
unit time, MN wlll have moved down from EP a distanoce u, u
be .ng the particle velocity 1n the shock waves; CD will have
moved a distance Up into medium 2 .rom EF and will be a

distance (U, - u) from I'N, U, being the velocity of the shock

11
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in medium 2; axnd AB wlll have moved a distance Uy lnto
medium 1 and will iie at a distence (U‘ - v) upward from
EF vhere Uy 1s the shock veloclsy in medium 1. AB will lie
a distance (U; - V) + u from MN.

Look now at the compression of the two bodies:

;

(vig = ¥) / vy (4a)

(1= R /R
.

(2= Ra0) / Q2= (Vao = ¥2) / Voo (4d)
where 8,' is the compression of mediun 1; 82 is the compression
of medium 2; Qm and Q o 2re the criginal densitles of
mediums 1 and 2, respectively; Q‘ and (.:2 are densitlies of
compressed mediums | and 2, respectively; and the v's are
specific volumes,

The mass, my, 0f medium 1 which befcre impact was contzined
in the volume Uy, after unit tlae resides ir volume (Uy =V + u);
and the mass, Moo of medium 2, originally residing in the volume
>, now resides ir volume (U2 - u), Thus, since by definition

m'/(U1-V+u) ;%0 m!/U1

Q:
(2

equations (4 a and bd) lead to

mg / (Ty = ) i Qo=m2/ U2

ARSI RPN Aoy e
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§ = 3 /]
= / (1, =v+u)=n /7 / m, / (U, = V+u)
62= mg/("g"u)"mg/UgJ/ mg/(Ue"u)]
which reduce to
Ui=(V-u)/81 (5)
and
=u/&, . (6)
From corservatlion of momentum
m V=u (m‘ + m2)
s0 that
my=m, (V=-u)/u . (7

By definition and substitution from equations (5) and (6) 1t
follows that

By =0 o= (V=u) Ry / &, (8)
and
m2=U2QQo=uQQO/82t (9)

Combining equations (7), (8), exnd (9, and solving for ¥ ylelds

13
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V"*[’ * (Qeo 8,/ R 10 62)%]

and as u cannot exceed V under compression, only the positive

root has physicel significance, Solving for u gilves

u:V/[1+(92051/Q1082):5J (10)
and using equation {6) gives
U2=v/52 [1"(‘{20 Sj/qmcgg)? l (11)

Now from equation (2)

Po = (20 Us Up (2a)

where uo and UE are, respectively, particle and shoel. veloclities
neasured with respect to the unshocked material, In the
original fremeof reference, medlum 2 1s initially at rest so
that u, equals u, the velocity with which the interface

between the two mediumc moves, and equation (2a) becomes

P = %20 U2 u

eince P, = Ty = F. Note, hLowever, that 1t 1s not true that
particle velocity, vy, in medlwr 1, ncasured with respect to

the unshocked medium, is equal to u. Rather

14
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=V =
and
P o LU, = U,V o-u) .
€071 %17 Qo 7y
Jee of equation (la) leads finally to

M
P = (ggo/ée){v/[i‘* (QQOSI/QR(SCV‘]

which beconmes

P= v/{:'; § 7 qu)i + (Si / Q,Or_]}? . (1)
Equations (11) and {12) -ermit caleulations of shock
veloeity Up and contact vressure P for a glven inpact veloelty

V, provided the resvective cquatlons of state of the two
mediuns are !mown,

On the other hand, by measuring V, the velocity of impact,
u, particle velocity at the interface, and U,, the veloelty of
the shock in the impacted medium, equatlions (11) and (12)
contalin only two unlmowms, 6.1 and 6‘2, hence can be used to

compute an equation of state.

1 AN S SR, AL T B 5w st O S S

If the impaet is between two 1like materials, then from
equation (10)

7L

:as‘ Sl oot a3

u=V/2

15
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that is, particle veloclty or interface veloclty is exactly

one half the velocity of impaot and equation (12) becomes

AR o SRR T

P=(gae/ 8p) (V/2)

or

P"“/VEO) Li-(v/vgo)] (V/'2)2 .

Now employing the conditlon

T= Q/’-’O u Up = Q‘O uy Uy = Qm (V=-uj U,

where u, is the particle velocity in medium 1 behind the shock
and U; ic the shock velocity in medium 1, both veloclities
relative to unshocked nedium 1, that is u, =V - u, it oan

be shown by substitution that

V=, [:1+(Q‘0 JQ/QEO 51)1]

and

—

V = S, U, [1+(Q10 SE/QEO 5’)’35“. (13)

16
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Imredrnce 1ntch slethind

i e LN

for deter .inins "noonlod

"ton o shoel swove cncouaters an interface betucen tyo
dissiailar naterials, as indicated 1a the figure, tuwo nev

vaves uill be generated, 2 truiac:itted shock wwve and a reflected

b e
(e d

wave, The rclative inteans

O

ez of these unew aves ar

covarned by the respective comrrescivilities =nd densitles
of the two Interactlnz paterials, 7This fact has been vsed f
extencivel:r by emmerlacntal investicators to establich

Hugonint curves. (Duvall, 1961; Al'tshuler, Krupnikov and

Zrazhnik, 19%8; lalsh, Rice, licueen ond Yarser, 1957;

lic ueen ~nd arsh, 1960) Themethod 1s kmowm as an impedance

match nethod. The bLutic stratarcea s to gemerate 2 rhock of

Imowm or neasuratle otrensth in a aaterial vhose Hugoniot curve

1s well establiched, 2llew the “hocit to be rcflected nt an

nterfuce betueen the "mo.m" naterial (mediun I ia fisgure)

)

and the m?tcrixl for hich tre iiuroalot 1s beinc soucht
(iedlin I% in ficnre), and then mecasure the veloelty of the
tran:mitt%d shocl.. Thly »rocedure 1s repeated for shocks
]

of cevera? strengths in order to obtain the points needed
to trace a 11 "rroiot carve.

The basls of the ucthod idec in Jndiclzin anhlie-tion
of thc conzervation cquatlons aand appreciatlion of the
Lo ‘ndary eonditions, At the Interfuce, two boundary conditlons
arct be wet: contlu ity of rrecrare, ~ni continuity of
~article veloclty. The systien of reflected and trancmitted

Thocil which develomsnfter L0 zhioelr reaches the lat.rfoco §i-

17
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Imredrnce nateh ethod

for deter=inins Ivronioet

When a shoelr wove cncounters an interface betivzen two
dlssinllar naterials, as indlcated in the figure, two nev
vaves 111l be generated, a traacuitted shoek wwve and a reflected
wave. The rclative Intensitles of these new waves are
governed by the resrective comprrescibllities cnd densities
of the two interacting materinls, This fact has been used
extencively by e:ierlaental investicators to establich
Hugoniot curves. (Duvall, 1961; Al'tshuler, Krupnikov and
Irazhnik, 1958; Valsh, Rice, i.clueen and Yarcer, 1957;
lic .ueen ~nd Marsh, 1960) Themethod is knowm as an impedance
mateh nmethod. The bazle oiwmtased is to geuncrate 2 shock of
Imowm or neasurable streusth in a material vhose Hugonlot curve
1s well establiched, 2lley tiue chocl: to be reflected at an
interface betveen the "mo:m" nmaterial (medium I in figure)
and the matcrinl for uﬁich the Huponlot 1s beins soucht
(mediwn I 4n firire), and then measure the veloelty of the
trancmltted shoel.s This procedure 1s repeated for shocks
of several strengths in order to obtain the points neecded
to trace a 11 V"‘roniot e wrve,

The,basis of the method lles In judicisuc applie-tion
of tic connservation equations and appreciation of the
bourdary eonditlonc. At the interfuce, two boundary conditions
nvuct be met: contin:ity of pressure, ani continuity of
narticle velocity. 1The systew of reflected 2nd trancmitted

chociis vhlch develomsafter thc shocl: recaches the interface ic

17
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s g RN

111 ztrated in the figure., Tue »recsure, F-, 2t the later-

face ic the tress're of the trans—itted choclk and ot the

-

sae tiue revresents the c'um of the pressire, P of the

i’

Inciucut wave and T the nre-c xe of the refiected wmve.
’

-— oy

The ~reccure, }{, nay be elther -ozitive or negative, depend-
inr umon the 1upedance match between the tio .aaterizls. The
cituation at the interface caa be defincd by the point

(P~ up) on a pressure versuc partlele veloclty diagram.

Tach shock ol a differcat ctrength locates a new point and
the locus of all cuch rointc d2fines the mimown Hugoniot,
The nrotlem 1s to locate cachh of the (Pz, ue) pointsz, Three
rieces of information are sufficlent to establish any one
point such 2s i in the figure: the pressure, Iy, of the
incident shoe, the Fugonlot curve for medi.un I, and the
velocity of “he shock transmitted 4into medixn II. The press're,

‘ P!, the Hugoniot, and conservatiom ejnations fix the polnt s

vhich has the coordinates I, and u1. A curve, the reflectlon
; lugonlot or eross curve, is drawm through 5. This curve 1c a
nircor i1aze about the point S of the P-u cuxve or Hugoniot

for medi.m I, which is assumed known, and portrays on the I'wu

ARG N o ot

diapgran pocsible states of material I with respect to the

IR RN

state (P‘,wt). The point I representing the state (I,,u;)

nust lie on this curve, The point !i nust also lie on the line

AR U

l:eodzll’

v vhere Jo 1s the veloeclty of the chock transuitted in nediua IX,

19
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Shock Pressure — P

REFLECTION HUGONIOQT
FOR MEDIUM I

/ HUGONIOT

/
// FOR MEDIUM I

Particle Velocity — u
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Thls relationship follows 1.-ym application of the conserve-

o e

. tion equations., With QP and U, bnth known, the line can
be drawn and its intersection with the reflection Hugoniot
locates M.

D T8GR I TR

One of the best established Hugoniots is that for

SR

24 ST aluminum (Rice, McQueen and Marsh, 1958). A number

‘ of cross curves for this material are given in the

- g e

e -

accompanying table,

. Ehe
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Pressure versis particle veloeilty curves for

24 37 aluminum®

P Particle velocity

O 117 1.66 2.10 2,53 2,3t #,38 3.4 - -
100 0,52 1.08 1.78 1,96 2,35 2,75 3.08 3.45 -
150 0.34 0,33 1.29 1.71 2.10 2,49 2.83 3.10 3.61
200 0.12 0.61 1,06 1.48 1.86 7.26 Q.01 L.96 3,38
250 = 0440 0.85 1,27 1.66 2,04 2,30 .7h .13
300 - 0.20 C.65 1.07 1,47 1.34 2,20 0,54 .95
350 = 0,01 0.47 0.88 1.23 1,55 .01 2.35 2.69
400 - - 0.29 0,70 111 1,47 1,93 2,18 2,59
450 - = 0412 0.5Z 0.04 1,30 1,66 2,00 2.34
500 - - - 0,36 C.T7 1,14 1.50 1.84 2,15

source: Rice, "o, cen and ynlsh, 13658
*  Lach underlined nunber is 2 partisie veloeity in nnéuscc

for the corres-onding shoek nressure in Lilobars. Renaining
nuabers in a glven column trace ont arsoelnted cross curves,

22
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Calculation of temperatures

assoclated with passage of shock wave

The temperature behind the shock, Ty, is calculated
from the equation

- B = vy [ v,)
Ty = T, XD 1 o/ 4

expt(\n/vo)gv' {( 1/2)L (aB/av) (vy=v) +P1 exp x(v/vo)/ov} dv
\A Ho

where ¥ 15 Grinelsen's constant given by
X": (dr / dT)v (vo / cv) ]

The integration 1s performed numerically along the Hugoniot
curve,

The equation is exact but the varlation of Oy and
(92/ @ 1), With volume is not lmown. In most celeulations
these are acsumed constant. lWhen the Debyc temperature is
low, as it 1s for alkall halides, the ascuaption of oconstant
gpecific heat, C., is reasonable.

The calculation of the recidual or final temperature, T
after passage of the shock is made utilizing the relationship

Ty = Ty exp (8P/8 1)y (1/Cy) (vyg=v) = Ty exp K(:(VH/VG) -(v/vo)]

vhere Ty and vy are the knovn conditlons at any point, takca here

TRy T

r -
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as the Hugoniot point. To f£ix the firal temperature and

volume, the imown relatio:

(v = vy) = Vo A2 = 1T,)
P=0

along the P = O isobar 1s used, Here T, and v, refer to
the temperature and specific volume and <A is an average

value of the thermal coefficient of volume expansion.

Source: Walsh and Christian, 1955

S S MW SR i RN L e e vt
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Tmpiriecal equations

I"ch of the Hugonlot dota can be summarized in
the form of eupirical equatlons and several of the
investigators have done thic., The equations vhlch they
cive are extrencly aseful in naxing thermodynamic
coanutations. soue, such 25 the analytical form used
by the Los Alamos group (Rice, !ic.ueen and Valsh, 1958)
are rarticularly adaptable to compiter ealculations.

Others (Vasner, 'Woldorf and Lc'ile, 1960; Al'tshuler,

Krupnilkov and Erazhanll, 1958) have a more theoretical !

basis, their derivatlon depending upon the cupiricsl

linear relationship betwsen shocl velocity and particle
velocity.
A nunber of these empirlcal relationships plus

appropriate constants are given on the following pages.

26
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Impiriecal egvation N

Alwzinum

Relatlionship: Pressure verss volwe change
Haterial: 6061-T6 aluninun
L Source: Lundergan, 1961a

Squation:

P = 1046,8 [j1 - (v/ vo):} kilobar: P £ 6.3

I'= 795.5 = 794.0 (v / v,) kilobars 6.3 <P {3t

Relationshin: Pressure as frmetion of free surface veloclty
Haterial: 24 ST aluminum
Source: Welsh and Rice, 1257

Equatlion:
U= 5.130 + 20.77 log;o [- (“fs + 10.895) / 10.895 j]

vhere ugpq is free surface velocity. Velocitles are in kiloncters
per second. Equatlion is applicable in pressure range

3C to 500 kilodars,

Y
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Empirioal equation
Metals

Relationship: Pressure versus volume change
Materials: Several metals and Iucite

Sources: Rice, McQueen and Walsh, 1958; Walsh, Rice, McQueen
and Yarger, 1957
Equation: Analytiocal fits of Hugoniot ourves having form

P= A}“ + %/&2 + Q/LB

where/u. = (g/ Qo) - { and A, B, and C are constants. Actually
this is a two parsmeter fit of data since the ratio B/A is
determined by theory.

Table: Values of constants, Pressure range in whioch fit has deen

made is up to about 500 kilodars,
Metal A B 0 '
Berylium 1182 1382 0
Cadmium 479 1087 2829
Chroniun 2070 2236 7029
Oodalt 1954 3889 1728
Oopper 1407 2871 2335
Gold 1727 5267 0
Lead 417 1159 1010
Magnesium 370 540 186
Molybdbdenun 2686 4243 733
Nickel 1963 3750 0 .
Silver 1088 2687 2520
28
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Table: continued

lletal
Thoriun
Tin
Titaniwa
Zine

24 37 2luminum
Zrass
Indiwn
Fiobium
relladium
Flatinum
Rhodlun
Tantalun
Thalliun

4iroconiun

Incite

A

572
432

662
76
1037
496
1658
1744

2842
1790
17
934

83

646
878
1158
1577
1659
2177
1163
2786
3801
260
6452
3023
©38

. 720

163
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Source:

Relatl . nship:

HMaterials:
Bquation:

(
D= 8 (vo-v)/(b-I)evzi[‘b/(b-ﬂ] -vo/v}z

llaterial

Copper
Zinc
Silver
Cadmiun

Gold
Lead
Tixauth
Iron

Imnirical equation

Jetals

Pressure versns volume change
Several metals

Al'tshuler, Xrupnikov and Brazhnil, 1558

vhere a and b are coastants in relationship
U=2 4+ bu

between shock velocity U and partlicle veloclty u.
applicable in range 300 to 3000 kilobars

Table: Values of constants

a
(mméasec)

3¢90
3420
330
2.65

3415
2.30
2.00
3.80

wquation is

BRRE SEGE

- ond el b
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Inrirical equation

Plasties

Relationship: DPressure versus density change
Materials: Plastlics and plastic composites

Source: Wagner, Waldorf ond Loule, 1962

i Equation:

P=a (- 1N/ (& -r\)2 K1lobars

where Y\ = Q/QO , and A and K are constants glven in table.

Table: Values of constants

Matericl A X Pressure

range
(xilobars)

Chopped Nylon Phenolic 59,1 2,24 30-274

" Serles 124 Resin 46.3 1.96 42-147
. Avenat 56.1 2.29 14=150
AVCO Fhenolic Mibergiacs 24530 744 0-180
. Tape Wound lylon Phenolic 1.020 3438 20~86
- GE Phenolio Piberglass 60,200 13.0 28=-111
'Oblique Tape Vound Refrasil 322,300 94,6 20-84
RAD 58B 184 «2.17 Sl
‘Aveolte 33.6 1.40 34-118
Pyrolytic Graphite 40,8 1,40 “=470
Kel=F 170,2 2,65 32«97
Polyethylene 11,9  1.73 2=65
Nylon 154 2.60 4«80
Plexiglcs 217 2.80 17=160
Polystyrene 2 2,66 4.59
Teflon 5.1 2,08 10=76

31
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Empirical equation
Rocks

Relatlonship: Pressure versus volume change

Materlals: Tuff, sand, and shale

Source: Anderson, PFisher, licDowell and Weldermenn, 1963.
Data taken from Lombard, 1961

Equation:

=C[(vo/v)n-1:|/[/-‘- (VO/V)]

where C, /.4 » and n are constants, values of which are given in
table below; Vo is specific volume of zero pressure; and v is
the volume of the same mass at pressure P,

Table: Values of constants

Haterial M » C v,  Approx, pressure range |
/ (kb) of original deta .o
(kilodbars)
Tuff, Het Voloaniec 4 2 260 0,535 53=2T0
Tuff, Dry Voloanic 4 & 26 0,588 31=202
Sand (wet) 4 2 317 0.523 90=26
011 shale swet) 4 2 180 0.663 110-164
041 shals {dry) 4 2 400 0.607 100=300
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anpiriecal equation

Granite

Relationship: Pressure versus volume change

Material: Granite

Source: ILonbard and Adelman, 1961

Iquation:
P =194 (Av/ v,) /[ 1 =142 (Av/ v,) ]2 kilobars

200 € P € 900

vhere Av = v - '
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Znpirlical equation

arble

Relationship: Pressure versus density change

llaterial: ilarble, lizht gray with an inltlal dencity of
2.70 gn/ec

Source: Drealn and Adadurov, 1259

Zquations:

v
ft

42.6 I_( Q/go)'“23 - 1] Xilobars O< P 147

and

H
i

106 [((/Q‘))a'1 -1 ] kilobars 1556 P {500

Phase change occurs between 147 and 156 kilohars

34
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Summary of data and calculatlons

for nmetals at 3,500 kilobars

Metal Relative Gram atonic

conpression volume
at 3,500 kb
zero 3,500 kb
pressure
Iron 1.67 Tal2 4,26
Copper 1,70 Telt 4,18
Zine 1.89 9.16 4,84
Silver 1.71 10.28 6.01
Cadmim 1.93 13.01 6.72
Tin 2.16 16.30 7.24
Gold 1.59 10,22 6.43
Lead 2.21 18.27 8.25
Bismuth 2.27 21.32 9,39
Metal Shock veloolty
mm/ sec
zZero 3,500 kb
pressure
Iron 4,63 10,53
Copper 3495 9.75
Zine 2,92 10.19
Silver 3.08 8.96
Cadniun 2034 9015
Tin 2,64 9.44
Golad 2,98 6.99
Lead ‘091 705
Bismuth 1.85 7.99

Ratlo of granm
atoalc volume

at zero pressure
to gram atonlc
volume at 3,500 kb

VIV VIV~

® & o

s & o &

[ASIS A b ]

Ratio of shock
veloelity at

3,500 kb to shock
veloolty at zero
pressurs

0l O ?Q!DUNI\)
VIO SO OOUTUIWD

Source: Al'tshuler, Krupnilov and Brazhnik, 1958
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Material

Alluvium, Dry Desert
Alluviun, Nevada

Aluminum, 24 ST
Aluminum, 2S

Andesite
Antimony
Avcoat
Avcoite
Basalt

Beryllium
Bismuth

Brass
Cadmiun
Chromiun
Cobalt
Copper
Dolomite
Gold

Granite

Granite, Shoal

36

U=a + bu

a
(mnjusec)

1.80

1.3

5.30
5.26
4.08
2,06
1.75
3.01

5.24
2.58

7.98

2.12
1.26

3447
2.44
5e.22
4.75
3.99
6.64
3.11

5.41
2.61

4,30

b

CONSTANTS RELATING SHOCK VEIOCITY, U, TO
PARTICLE VELOCITY, u, IN LINEAR RELATIONSHIP

Pressure
range

(kilobars)

38-351
39~-502
42-209
141-333
42-115
248-1175
14=150
34-118

40234
234-769

142-283

185-446
446-3450

221-473

2283490
235=-1379
244-1603
216~3800
223417

273-5130

68-337
337-884

160-285

Referenoce

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(7)
(1):(5)

(8);(9)
(8):(10)

(8)

(6);(8);(10)

(6);(8)
(5);(8)

(6);(8);(10)

(5)

(6);(8);(10)
(5);(11);(12)

(1)

L
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% U=a+bdu
Material a b Pressure neference 1
(mm/usec) range
. (kilobars) N
Graphite, Pyrolytic 2.80 4,66 50-85 7)
4,75 1.72 85~116 7)
4,06 1.76 30-470 13;
4.31 1.69 10C0=300 14 ]
Halides: (5);(15) '
N Cesiun Bronid: 2,10 1,36 146-328 )
(single crystal)
Cesium Chloride 2.14 1.50 60-318
Cesium Iodide 1.80 1.38  140-324
(single erystal)
Lithiun Bromide 2.80 1.27 136=300
L* Aum Chloride 4,15 1.25 121-263%
Lithium Fluoride 5.00 1.50 155-328
Lithium Iodide 2.89 0.89 205=320
Potassium Bromide 1.50 1.75  112-264
Potassium Chloride 1.92 1.75 40- 229
Potassium Fluoride 2,44 1.60 117-266
Potassium lodide 1.55 1.50 110-278
Rubidium Bromi ie 1,52 1.55 112286
Rubidiwm Chlcride 1.52 1.63 109~268
Rubidiun Iodide 1.33 1,50  117-279
Scdium Bromide 2.59 1.33 58=305
Sodium Chloride 3.60 1.27 52-882
(rock salt; single |
crystal) 1
Sodium lodide 2.15 1.38 134-312
) Indiun 4,85 1.17  213-405 (8)
§ Iron 3.8 1,56 358-4000 (8);(10)
&
;‘ . Kel~F 1.73 1.61 32-97 (7)
37
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U=za+bu
2 llaterial a b Pressure  Reference
(mjuzec) (x1lobare) ..
send 2R NB W (e |
s R
1.11 2.07 420-817 5) |
Iiquids: (16)
Acetone 1.88 1.39 46-106
Benzene 1.98 1.53 52121
Bromoethane 1454 1.37 68-157
Carbon Disulfide 2.02 0.95  59-130
Carbon Tetrachloride 1.56 1.47 T4=-171
Ethyl Ether 1.65 1.47  42-96
Ethyl Alahol 1.68 1.38  47-110 .
Glyocerine AR 1.63 76-169
Hexane 1,87 1,42 42296 '
llercury 1,58 1.96 226-463
l{e thanol 173 1,50  47-110
Mononitrotoluene 2.17 1.50 66=152
N-Anyl Alcohol 1.98 1.55 51=115
Toluene 1.72 1.66 52=122
Water 2,20 1.33 32-419
Magnesiun 4.49 1.27 116 (8)3(9)
Marble (dark) é:gg g:gg ;gg:ggg (5)
| larble (1ight) 2:2; é:gg ;g;:igg (5)
i harble (USSR) A3 2o deme (1)
§ .
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liaterial

Holybdenun

Nickel

Niobium

Nylon

0il=-Sand

0il=-Shale (dry)
High grade
lMedium grade
Iow grade

Oil-Shale (wet)

Palladium

Phenolic, AVCO Phenollc

Fiberglass

Phenolic, G E Phenolic

Fiverglass

Phenolio, Chopped
Hylon Fhenollo

Phenolic, Tape Wound

Nylon Phenolloc
Platinun
Plays

Plexiglas
Folyethylene
Polystyrene
RAD 583

Refrasil, Obliqgue
Tape Wound

Resins, Series 124

U=a+bu

(mm4ise0)

5.16
4,65
4,45
2.29
2,98
133
3.55
3434

3476

2429
1.31

3.27

1.80

1.35

1.41

2,00
0.76

1.56
2.38
1.60
0.69
1.01

2.04

Pregsure
range
(kilobars)
254-1633
235-1490
245-482
5=80
08=634
96=219
119=279
117=286
110-164
263~531

50-180
0-50

28-111
J9=274
20-86

295-868

40-87
87-2T1

17-160
2~65
459

Reference

(6);(8)
(6);(8)
(8);(9)

(7)
(5)

(5)

(5)
(8)
(7)

(7)
(7)

(7)

(8);(9)

(1)

(7)
(7)
(7)
(7)
(7)

(7)

39
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Material

Rhodiun

Sand, Dry Silleca
(porosity 22%)

Sand, Dry Silica
(porosity 41%)

Sand, Weter Saturated

(porosity 41%)
Silver
Steel, Low Carbdbon
Taconite

Iron

Rock
Tantalum
Teflon
Thallium
Thorium
Tin
Titanium

Tuff, Dry Volcanie
Tuff, Wet Volcanic

Tungsten
Vanadium
Zine

Zirconiun

40

U=a +bdu

a b
(mméusec)
4,68 1.65
Is not a
straight
1line.
See
supple~
mentary
curves,
3027 1054
indeterminable
3.58 1.18
2.80 1,16
3.13 1.56
1.34 1.93
1,86 1.5¢
2413 1.28
2,66 1.47
4,78 1.09
0.60 0.52
2,28 0.38
221 1.38
4,13 0.50
4,01 1.27
5.11 1.21
J3e71 1.45
3.95 0.78

Pressure

range
(kilobars)

278-551
58-153

75-197
90-216

216-4010
121-305
1261140
T4-679
272=-547
10=76
213=1517
203=-1405
175-3100
168-1060

3182
82-292

53-188
188-270

495=-2074
204=1241
186=3260
208-407

Reference

(8)i(9)

:
1
h
z

(1)
(1)
(1)

(6):(8)3(10)
(3)
(5)

(8)

(7)

(6);(8) .
(6);(8)

(6);(8);(10)

(6);(8)

(1);(5)

(1):(5)

(6)
(6)
(6);(8);(10)
(8)
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TABLES AND GRAPHS

Shock veloeity, particle veloelity,

pressure, relative volume, and temperature
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DRY DESERT ALLVIVM#

Shock Particle Pressure
Velocity Velocity
(mméusec) (mm/usec) (x1lobars)

2.66 1.00 38
2.90 0097 M
Ze41 1,58 83
3.65 1.57 86
3.T0 1.52 96
4,35 2,45 156
4,36 2.39 171
5025 3,27 227
5.89 3,37 351

QO - '038 - 1077
Source: Bass, Hawk and Chabal (1963)

# Nevada Test Site Area 3

Relative
Volunme

0.624
0.666
0.537
0.570
0.589

0.437
0.462
0.377
0.428
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; NEVADA ALLUVIUM
. Shock Particle Pressure Relative

Velocity Velocity Volume

i (mm/usec) (mm/usec) (xilobars)

‘ Fine particles
2.363 1 .gzg 39.1 0.545
2.892 1. 59.7 0.537
3.656 1.770 99.7 0.516
4,47 2.T37 188.4 0.388
6.214 3.515 368.6 0,392
7.042 4,068 441 ,1 V422
Q 0 = 1 . 54
Coarse particles
24553 1.026 LY 0,598

‘ 6131 1.274 71.8 0.593

' . 3,882 1,678 117.2 0.568

4,597 2,643 21640 0,432

: 6.300 3,651 414 ,0 0.420

] 7.226 3.859 ST 0.466

{ e o = 1,8

% Source: MoQuesn and Marsh (1961)
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Source: Katz, Doran and Curran (1959)
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NOTS TP 3798
- 24ST ALUMINUK
:% Shock Particle Pressure Relative
g Velocity Velocity Volume
§ (mméasec) (mméusec) (kilobars)
| 5,70 0.266 52.27 0.953
§ 572 0.291 46 .41 0.949
3 5.78 0.317 51.04 0.945
% 5.81 0.341 52432 0.941
d 5.86 0.368 60.12 0.937
% 5.91 0,393 64,75 0.934
¥ 5.94 0.423 70.05 0.929
¥ 6.00 0.455 76411 0.924
3 6.06 0.492 83.21 0.919
% 6.12 0,531 90,77 0.913
6.17 0.582 100.1 0.906
6.30 0.667 117.2 0.894
~ 6.36 0.781 138.6 0.877
g 6.43 1.267 209.3 0.818
b
(0 = 2.785
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24ST ALUMINUK
Shock Particle Pressure Relative
Velocity Velocity Volume

(mméusec) (mméasec) (kilobars)

6.125 0.571 100 0.9043
8122 o83 1% F
6. 640 0.947 175 0.8573
6.793 1.057 200 0.8441
6.940 1.165 225 0.8322
T.082 1.267 250 0.8210
T.220 1.368 275 0.8104
T+ 350 1.465 300 0.8008
7476 1.561 355 0.7912
7.598 1.654 350 0.7824
e o
[ 1. [ ]
T 950 1.920 425 0.7585
8.062 24003 450 0.7513
g.17é 2.0?2 ggg 8.;;38
27 2,170 o
?o - 20785

Source: Walsh, Rice, !clueen and Yarger (1957)
Note: The date presented above is not experimental data, but

it 1s calculated from a great wealth of data run on 24ST
aluminum, and is probably the most accurate data avallable,
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2457 ALUMINUM

Shock Particle Pressure Relative
Velocity Veloclty Volume
| (mmyusec) (mm/usec) (ktlobars)

6.28 0.765 133.9 0.878
6.32 0.761 134.1 0.880
6.3 0.775 136.8 0.878
6.86 1.140 218.0 0.834
Tel2 1.304 253.6 0.817
T.12 1.276 253.2 0.821
Tt 1.282 254.9 0.820
7626 1.427 288.7 0.804
7.41 1.546 318,.9 0.791
T.47 1.570 326.6 0.790
7,46 1.556 323.3 0.791

. 328.4 0.78%
752 1.625 340,2 0.784
Te53 1,646 347.0 0.780
QO = 2.765
Source: Walsh and Christian (1955)

2S ALUIINUM

Shock rarticle Pressure Relatlive
Velocity Velcelty Voluxne
(mm/tsec) (mméusec) {z4lobars)

6.42 1.627 141.3 0.873
6.94 2355 221.3 0.830
T.44 2.931 295.0 0.803

’ 7.58 26250 33363 0.786
QO = 2,706

Source: Walsh and Christlan (1955)
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Terxreratures ascoeloted 51th shoelk
Alaminon

Jressure Jeareratire ne

"
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800

400

Temperature -°C

o) 200 400

Pressure-Kilobars

ALUMINUM

56




7‘%’%?9:91&? Wﬁm'@ﬁ‘g’fw%%%‘%@w L R Y T ————
NOTS TP 3798 ;
ANDESITE#*
Shock Particle Pressure Relative
Velocity Velocity Volume
(mméasec) (mméasec) (kilobars)
2,70 0.51 42 0.815
5.038 0.619 83 0.877
5.344 0.82 115 0.846
Source: Lombard (1961)
# Quarried in Marin County, California
57
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B

Shock
Velocity
(mméusec)

¢ & o @
SO\WC“
WD -

]

- DD
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Fu N0 -
W -

Re ™

Source:

= 606

ANTION

Particle
Velocity

(mnfusec)

1.02
1.03
1.0¢
1.29
1.38

1.96
1.88
.19
2.19

2420

2.70
2.73
273

Preesure

(kilobars)

248
248
249
400
401

lMeCueen and Marsh )1960)

Relative
Volure

0.716
0.7T13
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Shock Velocity
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Tenperatures assoclated with shocelk
Antinmony
Yressure Temperature Resldual
(1lobars) behind shock +temnerat.re
(CO (00
0 20
250 577
500 1827
750 4727
1000 27
1250 12827
Source: lclueen and Harsh, 1960
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AVCOAT

Shock Particle Pressure Relative
Velocity Velocity Volume
(mmépsec) (mm/usec) (kilobars)
2459 0.477 13.6 0,816
2.83 0.614 19,1 0.784
3.39 0.954 35.6 0.719
4,48 1,46 ZI.Q 0.674
5.82 2e33 149.,0 0,600
Q" = 1.10

Source: Wagner, Waldorf and Loule (1962)

AVCOITE

Shock Particle Pressure Relative
Veloeclity Velocity Volune
(mméusec) (mméusec) (kxilobars)
4,15 0.345 33.9 0.916
4,64 0.434 A7.7 0.906
5.38 0.667 85.0 0.876
5.94 0,841 118,0 0.858
Qo = 2037

Source: Vagner, Waldorf and Loule (1962)
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BASALT#

Shock Particle Fressure Relative
Velocity Velocity Volune
(mm&usec) (mmgu:ec) (kilobars)

24 0.29 40

.85 1.02 127 0.840
6.80 2.58 468 0.621
6.85 €57 470 0.625
eo = 2.67

Source: Bass, Hawk and Chabal (1963)

# Buckboard hole no. 3, 36 ft, 40-zile Canyon, Nevada Test

Site

Shoek
Veloclity

(mmousec)

4,867
5.24

T97
8.588

Ro *©

Source:

+ Nevada Test Site, Area 18.
40 b and elastic pracursor velocity 5.24
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2,67
Lombard (1961)

Iarticle
Veloocit

(mm/asei)

0.794
1,63
3¢25
3.71

BASALT+

Pressure

(kilobars)

Relative
Volune

0.837
0,689
0.578
0,524

nmsSec

The Hugonlot elastic limit
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QO = 1,845

Source: Walsh, Rice, Mc.ueen and Yarger (1957)
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BERYLLIUM
Particle Pressure
Veloecity
(mméusec) (kilobvars)
0.865 142,6
0.847 141,3
1.189 199.9
1.221 210.2
1.592 282.9
1.609 291.9
1.730 314.4

Relative
Volume

0.9032
0.9063
0.8659
0.8692

0.8347
0.8364
0.8244
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Ten eratures assoclated with shoci

. Beryllium

i s SRR

Prezsure Teanerature Residual
g (kilobarc) behindo shock  tenr erg.ture
g (c°) (c°)

0 20
100 50
150 7

200 97

250
300
350

T =

2
6
1

Ll OOl

T —a =

Source: Rice, .cOueen and ialsh, 1253
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Shock
Velocity

(nmz?:sec)

2.696
2.585
3.075

3.084
3,682
3.659

Q° = 9,80

Source:

Shock
. Veloclty
(mm/usec)

~3J OV
it
SO0

QL‘ - 9@80

Souyrce:
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BISMUTH

Particle Pressure
Veloclity

(mg%csec) (kilobars)
007‘8 ‘8905
0.676 171 .1
0.914 275.2
0,922 278.4
1.212 436,.9
1.122 437.7

Walsh, Rice, McQueen and Yarger (1957)

BISMUTH
Particle Pressure
Velocity
(mm;usec) (kLlobars)
1.05 250
2.47 1300
4,45 3450

Al'Tshuler, Krupnikov and Brazhnik (1958)

Relative
Yolunme

Relative
Volume

0.690
0.539
0.439
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BISMUTH

Shock Particle Pressure Relative '
Veloeity Veloclity Volume

(mm/usec) (mm, ssec) (kilobars)

34,67 1.23 444 0.665
3.64 1.23 443 0.5661
4,44 1.80 786 04596
442 1.79 781 0,594
4,46 1.79 787 0.599
4.75 1.97 923 0.585
4,66 2.06 945 0.558
4,73 2.00 931 0.577
5.33 2.47 1299 0.536

5.36 2.47 1303 0.540
5.51 2.51 1360 0.545
5.49 c .47 1335 0.551

Q e - 9080 .

Source: Ilic.ueen and Marsh (196C)
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Tenreratures associated wlth shocel:

Bismuth
Precsixre Tenverature Resld o
. (:1lobare) behind shock  temperature
(c) (c°)
0 20

500 2827
750 6027
1000 10627
1250 16327
1500 22827

e ueen and Marsh, 1960
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BRASS
Shock Particle Pressure Relativa
: Velocity Velocity Volune
(mznéusac) (mw/hsec) (kilobars)
4,446 0.590 220.7 0.8673
4,440 0.571 c13.3 0.8714
4,731 0.791 314,58 0.8328
4,726 0.770 306.” 0.83T1
5.236 1.085 478,.0 0.,7928
54220 1.077 473,0 0.7937
= 8,6

Qo
Source: Walsh, Rice, Mciueen and Yarger (1957)
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| NOTS TP 3798 ;,é
BRASS .
Cu/Zn/Pb/Fe ; 61.5/36.0/2.5/¢0.05
Shock Pacrticle Pressure Relative '
Veloecity Veloclity Volunme
(mméa?ec) (mméusec) (kilobars)
5.38 0,45 167 0.897 |
4,41 0,45 168 0.898 ,
4,50 0.50 182 0.888 '
4451 0.5 191 0.889 f
4,54 0.56 214 0.877
4,56 0.59 229 0.869
4,77 0.70 282 0.853
4,79 0.70 284 0.853
5.10 0,91 391 0.822
5.14 0.90 389 0.826
5,15 0.96 415 0.814 |
5.15 0.91 394 0,824 |
5e17 0.94 411 0.813 !
5419 0.94 412 0.819 (
6.22 1.72 906 C.723 !
6.29 1.78 947 0,717
6.39 1.82 985 0.715
6.59 1.99 1108 0.698 .
6.92 2,24 1308 0.677 1
6.97 2.28 1342 0.673 {
7.04 2.26 1348 0.679 |
7.05 2.29 1365 0.675 ‘
Tel? 2,3b 1420 0.674 i
T.54 2.66 1694 0.648
7.57 2.66 1702 0,649 !
T.77 2.69 1764 0.654
Qo = 8,6

Source: MoQueen and Marsh (1960)
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NOTS TP 3798

Teareratures ossoclated vith shoe:

=4

rnes

Iresc -re Tenrerature Residual
(isilovars)  behlnd _shoe:  tenrerature
‘ (c°) (co)

0 20
100 89
150 129
200 175
250 <35

200 05
350 382
400 4€7
450 557
500 651

Sourcc: Rice, Ilctueen and Yalsh, 1958
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NOTS TP 3798

600

Temperature -°C
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% NOTS TP 3798
i CADIIUM o
|
% Shock Particle Pressure Relative .
Veloclity Veloclty Volume
(mméusec) (mméusec) (kilodbars)
5.66 1.96 957 0.654
5.78 1,96 976 0.662
5.77 1.96 980 0.663
S5eTT 1.97 082 0.558
6.45 1.98 986 0,657
6.48 2.40 1339 0.628
6.48 2440 1345 0.629
6.39 2.43 1339 0.620
6.43 2.43 1351 0.622
Q ¢ - 8 . 62‘
Source: lo<ueen and Marsh (1960)
CADMIUM
Shock Partliocle Pressure Relative
Velocity Velocity Volume
(mméysec) (mm/usec) (kilobars)
3,599 0.690 214.5 0.8083 ‘
3.421 0,619 182.9 0.8191
3919 0.850 287.6 0.7830
4,450 1.190 457.3 0.7326
4,324 1.120 418,2 C.7410
{
g Q 0 = 8,64
; Source: Walsh, Rice, McQueen and Yarger (1957) |
: |
|
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QO = 8,64

CAIMIUH
Particle Pressure
Veloeclity
(mméasec) (kilobars)
1.02 360
2.44 1330
4,42 4390

Relative
Yolume

(o RoNe]
e o o
U OV
VI I e

Source: Al'tshuler, lrupnikov and Brazhnik (1958)
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W R s

Temperatures assoclated with shock

Pressure
(x4lobars)

0
100
200
300
400

00
600
700
800
900

1000
110C

1"Hﬂ

e W
1300
1400

Souroe :

Cadnium

Temrerature
behind shoci:
(c0)

20
161
Loy
722
980

1330
1974
2710
2535
4431

2376
T403
8453
9503

20
55

Medueen and Marsh, 1960

Residual
teaperature
(cO)
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NOTS TP 3798

Shock
Velocity

(maj aec)

0o 3
e o o o =
W AU Oh
u«lg\ou

Qo = T.10

CHROMIUM

Particle
Velocity
(mméusec) (

1.71
1.71
2.25
2.27
2.2

Pressure

kilodbars)

924
922
1347
1382
1379

Source: Me(ueen and Maxsh (1960)

Shock
Velocity

(mm/p3ec)

43

el o
N
L

P e o o
~ o 3
SO~ O -

ANNGOY OOV O
. .
ONOvVLILE '\l

Qo = Te13

CHROMIUM
Particle Fressure
Velocity
(nm/usec) (kilobvars)
0.5448 234,5
0.5395 233
0.7436 338
0.7449 338
0.7407 336
0.7403 336
1.007 478
1,008 479

Source: Walsh, Rice, McQueen and Yarger (1957)

Relative
Volume

OOO0OO0O
e @
S99
¥HES

Relative
Volunme

0.9098
0.9089
0.8835
0.8831

0.8834
0.8835
0.8488
0.8490
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lelueen and larsh, 1960

NOTS TP 3798
Tenl.eratures assoclated with shock
Chronlun

Pressure Tennerature Residual

kilobars) behind shock  temperature
(co) ()
0 20 20
100 41 23
200 T3 39
300 123 T1
400 194 119
500 235 182
600 396 258
700 523 345
800 666 439
900 320 539
1000 983 643
1100 1151 746
1200 1319 846
1300 1482 238
1400 1641 1024

91
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Temperature-°C
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COBALT

Shock Particlie Pressure Relative
Veloclty Velcelty Volume
(mméusec) (mm, usec) (kilobars)

T.15 1.79 1121 0.750
T.15 ' 1.80 1137 0.748
Tel2 1.83 1148 0.743
7.50 2.06 1362 0.726
7.45 2.07 1358 0.723
T.43 2.07 1357 0.721
7.81 2.30 1584 0.706
T7.79 2.30 1581 0.705
T.77 2.30 1577 0.703
7.88 2.31 16013 0.707
T.83 2.32 1603 0.703

i o = 8.82

Source: McWueen and Marsh (1960)

COBALT
Shock Particle Pressure Relative
Valoecity Velocity Volume
(mgysec) (mm,/usec) (ktlobdars)
5.445 «£02 241 ,1 0.9078
5.696 0.683 3432 0.8801
5.632 0.653 24 4 0.8841
6.019 0.901 78.1 0.8503
6.052 0.955 309.8 0.8422

Qo - 8.82

Source: Walsh, Rice, Mciueen and Yarger (1957)
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NOTS TP 3798

Jressare

0
100
200
300
400

500
600
700
800
a00C

1000
1100
1290
1300
1400

1300
. 1600

P TN A O S T o N e e O T LR AR

. Source:

R R A

s
y
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.

B Tt LT

Jobalt

Temrerutures ascoclated with shoel:

Tervwerature Resildual

(29)

20
43
31
127
i90

270
365
431
609
T49

900
1059

e

1396
1571
1748

1526

ileQueen and March, 1960

20
22

4
53
o4

141
198
262
331
404

430
557
635
711
786

860
930

(kilobars) behind shoek tenpergture
c)
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NOTS TP 3798

Shock
Velocity

(mgéusec)

NI TNO\O
. .
LI DO
RO OV OV

Qo - 8090

COPPZR

Particle Pressure
Velocity

(mm/asec) (kiichars)

1.57 883
1.53 875
1.57 877
2,20 1424
C.lt 1430
2.22 1444

Source: Mciueen and llarsh (1960)

Shoclk
Velocity

(mméusec)

b, 744
4,768
5.070
54015
5.508

eo = 8.90

COFI'ER

Ferticle Precsure
Velocity
(mméusec) (x1lobars)

0.511 215.8
0.570 241.9
0.711 320.8
0721 32643

Source: Walsh, Rice, ¢ ueen and Yaiger (i957)

Relative
Volune

Relative
Volume

92
80
59
54

12

OO0O0QO
* & @ o
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VIO 00 B\
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% NOTS TP 3798

¢

i‘

i COPPER

b%f{

; Shock Particle Pressure Relative

. Velgcity Velocity Volume

4 (mm, usec) (mn/usec) (kilobars)
5.36 0.94 450 0.826
10.16 4,19 3800 0.588
(0 - 8093

Source: Al'tshuler, Krupnikov and Brazhnik (1958)

COPPER
Shock Particle Pressure Relative d
Veloolty Velocity Voluae
| (mm0USec) (am, usec) (kilobars)
4,556 0.460 186.6 0.899
4.523 0.460 185.1 0.898
4,76 0.547 232,14 c.8853
4,94 0.672 295.3 0.864
4,913 0.634 299.,0 0.861
5.258 0.823 356.1 0.848
5.128 0.780 385.0 0.844
5.240 0.835 389.5 0.841
. 5.285 0.855 402.,3 0.838
: 5.391 0.964 462.,0 0.821
f 5.397 0.969 465.4 0.821
;
.;f eﬁ = 80903 [
Source: Walsh and Christian (1955)
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NOTS_TP_ 3798

Tenperatures associated with shoel:

rressure
(:1lobars

0
100
200
200
400

500
600
700
800
900

1000
1100
1200
1300
1400
1500

Source:

100

TR BT Wl N A S e

Copper

Tenperature
)  behind shocel

(c9)

20
61
118
129
309

446
608
795
1004
1233

1482
1747
2028
2323
2629
2769

Residual

tenperature
(¢c°)

20
25
45
87
144

ifc lueen and ilarsh, 1960
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NOTS TP 3798

F DOLOMITE#*
|
| Shock Particle Pressure Relative i
| Velocity Veloclty Volume
f (mm[ﬂsec) (mméasec) (kilobars)
To14 1.10 223 0.846
T.546 1.935 ° 417 0.7436

Q o = C.84
Source: Lombard (1961)

# from surface, Neveda Test Site 12

2t
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NOTS

TP 3798

Shock
Velocity
(mméusec)

LI
823

o6
8
ol

eo = 190
Source:

Shock
Velooity
/«sec)

4,27
5.70
8.06

fo*

Source:

1€4

Shock
Velooclty

(mnjusec)

5.25
5.21
5.80

5.78

5.78
5.79

(o = i90
Source:

GOLD
Particle Pressure
Velocity
(mm/usec) (kilobars)
0.380 269.0
0.505 375.4
0.666 529,2
24
Walsh, Rice, McQueen and Yarger (1957)
GOLD
Particle Pressure
Velocity
(mméueec) (x1lodbars)
0.71 590
1,78 1950
3430 5130

AN

Relative
Volume

0.3967
0.8693
0.8389

Relative
Volune

Al'tshuler, Krupnikov and Brazhnik (1958)

GOLD
Partiole Pressure
Veloocity
(mméasec) (kdlobdars)
1.37 4387
1.3: 1410
1.73 1932
1.Th 1931
1.74

B 52

24
Mclueen and Marsh (1960)

Relative
Volunme

0.739
0.730
0.702

0.700
0.699
0.699

i e v iy e
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§ NOTS TP 3798
% Tenperatures assoclated with chock
§; Gold
% Iressure Temperatures Reciduzl
g (z1lobars)  behind shock  temperature *
§ (c0) (c°)
¥ 0 20 20
100 T4 24
3 200 146 44
% 300 246 82
% 400 378 136
50 543 201
600 T4 277
. 700 970 359
800 1230 447
900 1518 539
1000 1834 632
1100 2175 727
! 1200 2539 821
1300 2926 915
1400 3334 1007
; 1500 3693 1063
' 1600 2951 1063 .
{ 1700 4216 1063
) 1300 4487 1063
; 1900 4764 1063
2000 5257 1131 ’
Source: liciueen and jlarsh, 1960
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NOTS TP 3798
GRANITE I
Shock Particle Pressure Relative :
Velceclity Veloclity Volume

(mm//’asec) (mméasec) (kilodars)

°

5.383 0.485 0.068 0,915 (1

5.37 1.31 0.182 0.756 (1

5,825 2.220 0.337 0.6189(1

SeTH 0.490 0.0743 0.914 (2

5.58 0.822 0.123 0.853 (2 |
5.48 0.96u 0.143 0.826 (3 ;
5.506 1.5 : 0.148 0.791 (4

5,658 1,63 0.246 4

5.64 1.62¢ 0,247 0.712 z i
5.61 1.715 0.,2565 0.693 é
6.31 2.62 0.446 0.584 2 i
7.64 3.35 0.680 0.558
(o - 2.6' *

Source: Lombard (1961)
(1) Pink quartz monzonite, surface, Nevada Test Site Area 15
(2) oOrigin undetermined !

(3) Stanford Research Institute exploratory core, 1005 ft, ’
Nevada Test Site Area 15

(4) Gray grandiorite, surface, Nevada Test Site Area 15
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Qo = 2,65

SHCAL GRANITE

Particle
Velocity

(mm/usec)

1.80
2.36

o o o
AR

- Ouiuitui P
*

DY &0 U»

N oUI VN

Pressure

(kilobars)

285
386
416
453
466

573
622
644
128
160

Source: Bass, Hawk and Chabai (1963)
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Relative
Volume

0.699
0.616
0.639
0.604
0.621

0.578
0.501
0.510
0.859
0.800
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NOTS TP 3798

PYROLYTIC GRAPHITE

Particle Pressure
Velocity

(mméusec) (kilobars)
0.461 50.1
0,663 85.8
0.852 116

Source: Wagner, Waldorf and Loule (1962)

Shock
Veloclity

(mm/usec)

~ Oy Ui
L ] [ ] [ ) *

- OND Ale AVel N, ]

Ao 1,18, O == \O

QO = 2,20

PYROLYTIC GRAPHITE

Particle Pressure
Velocity

(mméusec) (kilodars)
0.807 98
0.963 123
0.961 17
0,967 122

1.33 193

1.78 281

Source: Doran (1963)
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NOTS TP 3798
HALIDL S
sheek Particle Pressure Relative
Velqcity Veloclty Volune
hm%ygec) (mméﬂsec) (ilobars)
Cezium Eronide (single crystal)
281 0.97 146 0.716
233 1.25 <13 C.672
4,15 1.5& 280 C.t32
4,38 1,60 328 0.614
QO = 4,414
Ceziia Chlexdle
A i o8 60 0,828
275 1,04 154 C.723
Je 350 1.13 177 C.707
447 1e23 270 ¢e558
4,70 TeTs 210 04336
- 2
QO = 3,060
Cesdix Joglde (iingle crystal)
3.12 1.00 140 0.680
Ze01 1.23 198 0.649
3,04 1,55 27h 0.608
4,19 1aT1 o4 0.590
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NOTS TP 3798
HALIDES (cont)
{, Shock Particle Pressure Relative
Veloclty Velocity Volume
. (mm/usec) (mm/usec) (kilobars)
£
3}, Iithium Bromide
4,12 1,02 136 0.752
} 4,51 1.36 194 0.712
: 4,96 1,63 267 0.672
¥ 4,97 1,805 300 0.637
Ro = 2%
Iithium Chloride
5.49 1.087 121 0.802
{ 5480 1.415 170 0,756
i 6.32 1.780 230 0,720
t 6457 1.941 263 04704
(O = 2006

o Lithium Flnoride (single crystel)
? 6.40 0.927 155 0.855
7.28 1,487 28z 0,796
§l 7447 1,680 328 0.775
% \?\o - 206'4
i Lithium Jodide (single crystal)
"‘ 4,01 1,270 205 0.683
; 4,24 14575 268 0.628
: 4,47 1.780 320 0.602
;
H

= 4,016
£ .
= ¢
§
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HALIDES (cont)

Shock Particle Fressure
Veloelty Velocity

(mméusec) (mméauec) (kilodbars)
Potassium Droaide (single crystal)
3452 1.16 112
4,06 1.46 161
4,58 1,74 218
4,88 1.97 264
(O = 2.7T3
ITotassium Chloride
C.30 N .07 40
4,044 1e01 97
4,64 1.57 144
5.19% 1,38 194
.51 2413 232
5,54# z .08 ceo
QO = 10950
# 3ingle orystal
Iotassiwg Fluoride
4,23 1.11 17
4,69 1.43 168
C.oh 1.78 232
554 1.94% 266
Ko = 2,485
Potasciup Xodide
3,28 1.10 110
3.70 1,40 16t
4,22 1.72 227
4,47 1.99 278

{O - 3. 10
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Relatlive
Volume

00670
0.641
0.618
0.596

0,668
C.624

0,594

0.555
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Shock Farticle Pressure
Velocity Velocity

(mgéasec) (mméusec) (kilodars)
Rubidiua Eropide

3.16 1.C8 112
3462 1.38 163
4,44 1.96 286
Qo = 30285

Rubidium Chleride

343 1.16 109
4,48 1.82 222
4,87 2 04 268
QO = 2.75C

Rubidiup Iodide

3.01 1e11 17
3,44 1.37 163
3.95 1.73 235
4,24 1.691 279
QO = 3050

CEUARIBAIN SR, (S BRI, Tap EIRTG ALY, £, A IR e oy o

HALIDES (cont)

Ry S

o W e

Relative
Volune

0.659
0.621
0.585
0.559

0.663
0.632
0,594
0,581

SRR SRR N T i .
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HALIDES (cont)

f Shock Particle Pressure Relative .
; Velocity Velocity Volume
| (mm;usec) (my/usec) (kilobvars)
% Sodium Bromide
¢ 3,38 0.55 58 0.838
: 3. 0.5k 57 0.839
4,00 1.06 133 0.736
§ 4,29 1.30 177 0.697
¢ 4,38 1.36 189 0.689
ff': 4,79 1.63 247 0.659
5.10 1.83 293 0.641
} 5.06 1.35 295 0.635
i S.10 1.89 305 0.630 i
f:{fl L
'%{ Qo - 30105
i Sediun Chloride (sec separate tables)
) Sodium Iodide (single crystal)
3,58 1,02 134, 0.714
% 503 1.35 202 0.65
4,39 1,61 259 0.6
; 4,58 1.86 312 0.593
= 3,64
; Ro ™ °
: Source: Christian (1957)
;
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ROCK SALT
1 Particle Pressure Relative
2 Velooity Volume
¥ (mméusec) (mméasec) (kilobars)
i
5 4,652 C.891 89 0.809 (1)
¥ 5.018 1.170 126 0.767 (2
: 5.382 1.392 161 0.T41 (2
: 54325 1377 162 0.755 ?2;
§ 5.511 1.400 166 0.746 (2
F 5.874 1.T47 220 0.7026(2 g
5 5.870 1.79 226 0.695 (1
4 6.07 1.99 258 0.672 (2
; 6.122 1.98 260 0.677 {2
7.07 2.87 437 0.594 (2)
; T.10 2.85 436 0.599 22)
i Te17 2,96 457 0.587 52
: 7.465 2,98 479 0.601 (2
; 8.24 3.49 620 0.577 (1
- 8.425 3490 709 0.537 (1
; 8.73 392 735 0.551 (2
s 9.157 4,596 865 0.498 (3
| 9.025% 4,54 882 0.497 (3
o
Q° = 2,15

. Source: Lombard (1961)

Pp——

(1) Louisiana dome salt: Carey line
(2) Origin undetermined

(3) New Mexico red potash ore

{
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‘hook Partiole
Vilocity Velooity
(!fﬂ/ﬁwec)

& 19 0.59
473 0.98
£, 29 1.33
Y 1.55
5. 59 1.59
5. 66 1.71
5. 96 1.85
6.13 2.0

.85 3e2

& .91 4,10
foF 2.16

source:

SODI'Nt OHLORIDE (SINGLE ORYSTALS)

(mqéuoeo)

Pressure
(kilobars)

53
100
152
182
193

209
236

el
790

Relative
Volume

0.86

Al' tshuler, Kuleshova and Pavlowskii (1960)
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SODIUM CHLORIDE (SINGLE CRYSTALS)
Shoek Particle Pressure Relative
Velocity Velocity Volume
(mmjpsec) (mmjmsec) (k1lobars)
Crystal orlentation to shock front: 100
5.066 1.099 120 0.783
5.860 1,76 223 0,700
5.937 173 224 0.710
6.064 1.860 243 0.693
6.237 1.963 2655 0.6853
6.24 2,05 277 0.671
6.34 2,28 3 C.640
6.36 2.35 321 0.613
645 24537 352 0.607
T.22 3.00 473 0.585
TeT2 3632 550 0.570
7.83 227 543 0.582
8.624 3.90 725 0.547
8.47 3.98 T47 0.530
Crystel orlentation to shock front: 111
5.875 1,88 238 0.680
5.980 2.012 260 0.664 §
5.999 2.029 2645 0.6618
6.04 .09 272 0.656 i
6.25 ol 308 0,637
8.66 3.92 730 0.547
Q o = 2,15 ]

Soarce: impudlished data: LRL
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Pressure— Kilobars
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Tenmperatures assoclated wilth shock

Halides
Pressure Temperature Resldual
(kilobars) behind shock temper%ture
(co) (c®)

Cesium bromide

0 20 : 20
146 950 425
213 1620 645 iM-Q%)
230 2600 645 (M=-80%)
328 3200 850 (L)
Ceciun ckloride
0 20 20
60 265 100
154 910 340
172 1075 390
270 2100 560 (1)
318 2700 650 (1, .i=50%)
Cesium lodide
0 20 20
140 1400 490
19 2300 630 (M=30%)
7 3800 750 Lg
324 4700 900 (L

Source: Christian, 1957

(M= %) indicates the final state is at the
"nelting point" with &£ liquid

(L) indicates the liquid state

(T) indicates a transition is assumed to ocour
in the rarefaction only
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NOTS TP 3798

Tenperatures assoclated with shock

Halldes
lIressure Temperature
(Filobars) behind shock
(c°)
Lithium bdbromide
(0] 20
136 425
194 695
267 1080
300 1645
Lithium chloride
0 20
121 235
170 425
230 635
263 805
Lithium fluoride
0 20
155 134
185 175
282 215
328 410

source:

Christian, 1957

Residual
temperature
(c®)

20
170
290
435
520

20

170
290
400

20
62
80
155
200

141
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Temperatures associated with shock

Halldes s
Pressure Tenperature Resldual .
(kilobars) behind shock  temperature
(c”) (co)

Potascium bromide

0 20 20
112 1000 540
161 1600 630
218 2400 750 iLg
264 3100 900 (L

Totassium chloride ?

0 20 20
40 160 50
o7 600 320
144 1060 620
104 1640 750 (li-45%
232 2110 750 (:1~70%
229 2080 750 (1:=70%
Potassium fluoride .
0 20 20 !
17 400 235 o |
168 600 335 i
232 1100 630 |
266 1400 750
I'otassium 1odide
0 20 20
110 1100 400
161 1950 600
227 3200 900 sn
278 &h00 1C00 (L

Source: Christian, 1957

(M= ) indlcates the final state 1s at tke
"melting point" with ¢ liquid

(L) indicates the liquid phace

142




5, at
Ty R e, b iy

I ey LSRN < e i e o . S RN
NOTS TP 3798
Temperatures associated with shock
Halides
Pressure Temperature Residual
i (kilobars) behind shock temperature
v (c0) (c0)
‘&’1{
?;f Rubidiwm brouide
P 0 20 20
R 112 1240 695 (M-40%)
163 2040 810 (L)
g 237 3200 1200 Lg
286 4100 1400 (L
: Rubidium chloride
0 20 20
109 1080 T00 :
151 1600 725 2:1—75‘73) E
2z 2700 1050 L; :
268 3400 1100 (L |
Rubidium 1odide
0 20 20 |
i17 1500 670 ng 1
163 2600 1050 (L i
235 4200 1450 {LS '
279 5150 1850 (L)

Source: Christian, 1957

(it~ %) indicates the final state 1s at the
"melting point" with Z liquid

(L) Andicates the 1iquid state

143
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Temperatures assoclated with shock
Halides
Pressure Temperature Residual
(kllobars) Dbehind shoock temperature
(3°) (co)
Sodium bromlde
0 20 20
58 1 20 95
ST 145 95
133 475 215
177 750 330 |
189 830 365 *
247 1290 550 3
<93 1725 725 |
295 1725 735
305 1825 775
Sodlum chloride
0 20 20 L
52 120 60 |
118 345 155
120 320 130 *
119 345 155
120 340 150
120 330 ' 140
126 395 180
161 520 240 )
223 745 ‘345
224 720 320
2)37 960 410
243 880 370
238 960 410
260 1109 470
259 1000 435
264 16060 450
270 980 410
264 1100 470

I
|
i

]




Pl

.
T AT iy e o

gitn

s e SN GG 1 BRI AT A S e R R A TR

NOTS TP 3798
Pressure Temperature Resldual
(kilodbars) behindoshock tempergture
(™) (c)
Sodium iodlde
0 20 20
134 750 340
202 1350 650
259 2000 665 (¥=30%)
312 2675 665 (#+85%)

Source: Christian, 1957

(M= %) indicates the final state 1s at the
"melting point" with 4 liquid
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i »
; INDIUM
-
! : Shock Particle Pressure Relative ]
- Velocity Velocity Volume
' : (mmépsec) (mméusec) (kilobars)
B 3,745 0.7837 213.5 0.7907
- 3.965 0.6812 283 0.7525
4,348 1.281 405 0.7054
?0 = T.27

Source: Walsh, Rice, HcQueen and Yarger (1957)
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Tenneratures assoclated with shosk
Indiun
Pressure Temperature Residual
(:dlobars) bteulnd shock temperature
(co) (¢9)
0 20
100 153
150 260
200 397
250 561
gOO 745
50 950
400 1179
450 1439
500 1710
Source: Rioce, cQueen and Walsh, 1958
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IRON
Shock Particle Pressure Relative
Velocity Velocity Volume
(mméﬂsec) (mméucec) (kilobars)
530 0.97 400
536 1.00 402
5.54 1014 ’rj)o
T.27 2.26 1290
T.54 2.38 1410
8.89 3.05 2270
2,36 3.56 2620
9,98 3.83 3000
10.4% 4,20 3440
10.67 4,32 3620
11.10 4,50 4000
11,22 4,23 4290
1500 517 4870
Q 0 = 7.8%
Source: Al'tshuler, Krupnikov and Brazhnlk (1958)
IR0
Shodk Farticle Iressure Relative
Veloeclity Velocity Volume
(mma«sec) (mméusec) (kilobaxr)
5.438 0.994 403,8 0.8172
5.458 0.993 44,9 0.8181
5,474 1.013 4347 C.3149
5.652 1,083 480.8 0.8080
Qo = 7.82‘
Source: Walsh, kice, Mc.ueen and Yarger (1957)
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IRON
Shock Particle Fressure Relatlve
Velocity Veloclity Volune
(mméusec) (mméusec) (kilobars)
5.57 1.09 477 0.804
6.54 1.64 843 0.749
6.57 1.66 857 0.748
£.65 1.74 911 0.738
6.1 1.79 943 0.733
6,6 1 R6 968 0.720
218 1.89 1024 0.726
6.95 1.89 1037 0.728
e 7.42 o 1267 0.707
& T o2 2.19 . 1276 0.705
7.66 2,32 1397 0.597
3 , 8,00 2,57 1618 0.679
§ " 8.0 2,68 1728 0.675
. Qo * 70
,_ Source: Mc.ucen and Marsh (1960)
3
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Temperaturas acssociated 11th shoel:

Iron

rressure Tenperature Residual
(Filobars)  behind.shock  temperature

0
250
500
750

1000
1250
1500
1750

Souxce:

(c9) (co)

20
227
527

1027

1477
1927
2377
3127

MecQueen and larsh, 1960
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KEi~F
Shock Particle Pressure Relative

Veloclty Velocity Volume
(mgéusec) (mméueec) (kilobars)
2.60 0.580 31.7 0.776
2.68 0.565 31.8 0.790
3.61 1.10 83.0 0,697
3.64 1.27 96.8 0,651
Qo = 201
Source: Wagner, Waldorf and lLouie (1962}
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Shock
Veloclty

(mméusec)

2.914
3.266
34250
3.724

eo = 11.34

Source: Walsh, Rice, lMequeen and Yarger (1957)

Shock
Velocity

(mm&usec)

Je52
5¢33
T.65

Qo = 117

LEAD

Particle
Velocity

(mméusec)

)
81
80
i1

- 000
8

[0,V Vo]

LEAD

Particle
Veloclty
(mqézsec)

0.
2.
4,

P S

Pressure

kilobars)

—

94,
303.
95
71

oo

£ 00

Pressure
(kilobars)

390
1410

3700

Relative
Volume

0.7975
0.7494
0.7532
0.6998

Relative
Volume

0.724

0,563
0.443

Source: Al'tshuler, Krupnikov and Brazhnik (1958)

Qo = 11.34

LEAD

Particle
Veleclty
(nm/usec)

1.64
1.64
2425

2.25

Pressure

(kilobders)

838
837
1388
1383

Source: McQueen and Marsh (1960)
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Temperatures assoclated with shock

Lead

Pressure Temperature Residual

kilobars)  behind shock temperature
(c) o
0 20 20
100 131 69
200 628 214
300 1070 by
400 1539 429
500 2449 624
600 66 . 818
700 631 1007
800 5937 1192
900 7378 1369
1000 8945 1540
1100 10637 1703
1200 12447 -
1300 14367 ~
1400 1397 -

Source: lic.ueen and iarsh, 1960 .
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LIMESTONE#*
Shock Particle Pressure Relative
Veloclity Veloecity Volunme

(mméasec) (mméusec) (kilotazrs)

3.707 0.570 53 0.846
4,927 1.055 130 0.786
5.83 2.01 294 0.655
6.56 2.64 439 0.598
8.05 3.3 692 0.589
8.60 3.67 817 0.573

QO = 2050 - 2059
Source: lLombard (1961)

# From third fragmented formation, Pony Creek No. 2 core,
Richfield 041 Co., Alberta, Conada
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LIQUIDS

Shock Particle Pressure
Velocity Velocity

(mméusec) (mméusec) (xilobars)
Acetone

537 2,510 105.8
3.97 1.495 A6,4
Bepzene

5.66 2,470 121.0
4,10 1.448 52.4
Bromoethane
4,68 2,300 asg.t
3.#0 ‘0363 6 .0
QQ = 1,46
Sarbdop Disurfide
4,32 2.412 129.5
3e37 1.415 58.5
Qo - 1.&.3
Gaxboy Ietrachloride
4,85 2235 171.0
3.51 1.325 73¢9
eo - ‘058
E4hyl Zther
5.40 2,550 96.1
3.88 1.517 41,8
R o = 0.70

Relative
Volume

0.533
0.623

0,539
0.622

0.609

[
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. LIQUIDS (cont)
Shock Particle Pressure Relative

Veloecity Velocity Volume

(mm/useo) (mgéusec) (kxilobars)
Ethyl Alcohol
4,03 1.487 47.3 0.631

eo = 0079
Glycerine
6.07 2.240 170.3 0.631
4,58 1.328 76.6 0.710

QO - 1-25
Hexane
5. 54 2,590 95.7 0.533
4,02 1.517 41,5 0.622
Qo = 0.68
Yexroury
24752 0.608 226.4 0.779
3.101 0.772 324 ,0 0.751
3. 504 0.978 463.7 0.721

Qo = 13.5
Methapol
5451 2.525 109.5 0.542
3.95 1,483 46.6 0.625 !

. Qo - 0079
181
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Shock Particle
Velocity Veloclty
(mqéusec) (mm/usec)

Mononitrotoluene

5.64 24300
4,20 1.340
Q o = '017
N-Anyl Alcohol
«81 2.465
26 1.466
Qo - 008‘
Toluepe
73 2.412
12 1.443
Qo - 0088

Nater (see separate table)

Source: Walsh and Rice (1957)
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LIQUIDS (cont)

Pressure

(kilodbars)

151,

w\un

121.5
5241

Relative
Volume

0.592
0,681

0.576
0,656

0.579 ’
0.65%0
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WATER
Shack Particle Pressure Relative
Velocity Velocity VYoiime
. (mméasec) (mméusec) (kxilobars)
3.354 0.952 31.8 0,716
4,09 1.392 56.8 0.660
4,126 1e411 58.2 0.658
4,536 1.055 74,9 0.635
4,813 1.829 87.8 0,620
4,777 1.806 86,1 0.622
4,757 1.798 85.4 0.622
5.626 2,385 133.9 0.576
5604 2,370 132.5 0.577
5.601 2.335 130.5 0.583
8,07 4,13 333.Q 0,488
8.07 4.24 342,0 0.475
8,45 4,60 388,0 0,456
3,49 4,72 400,0 0.444
8.59 4,72 405,0 0.450
8,74 4,81 419,0 0.450
. Source: Walsh and Rice (1957) ;
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YAGHESIUN
Shock Particle Pressure Relative
Velocity Velocity Yeluae
(mméusee) (mméusec) (kilobars)
5.987 14121 116.4 0.,7128
T.082 =078 2604 C.7066
Qo = 1-735

Source: Walsh, Rice, McQueen and Yarger (1957)
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eratares acsociotad with slhwecel:

Jlarmesiun

. Pecsire Qearersture Residuacl
(1lobors) behlnd choel:r  teancrature

0 20
100 174
150 313

200
250
200

\DOONd
IS Neb
-3

Scree:  Rice, llclueen ond ialsh, 1953
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MARBLE#®
Shock Tarticle Pressure Relative

Velocity Velocity Volume
(mm%asec} (mméusec) (kilobars)

Light Marble
6.620 0.913 171 0.862
T 347 1.422 297 0.806
7.658 1.93 %18 0.748

Dark Marble
5.464 0.983 156 0.820
T304 1.425 296 0.805
TeT3T 2.13 468 0.725

eo = 2.84 had 2.90
Source: Lombard (1961)

% From surface, Nevada Test Site Area 15
MARBLE

Shock Particle Iressure Relative
Velocity Velocity Volume

(mméuseo) (mqéuaec) (kilobars)

4,26 0.43 50 0.901

4,51 ., 0456 68 0.877

4.70 ‘0.64 80 0.862

4,92 0.77 102, 0.846

5.18 0.90 125 0.826

5.26 0.92 131 0.825

5.47 1.125 166 0.794

5.51 1.17 174 0.786

5.66 1.26 193 0.781

5.76 1.33 108 0.763

6.04 1.56 252 0.741

6.27 1.72 291 0.725 i
6.47 1.85 325 0.715 ‘
7.35 2456 508 0.653

Qo = 2070

Source: Dremin and Adadurov (1959) 203
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Shock
Velocity
(mg%usec)

5.699
5.647
5.955

5.861

6.210
6.124

eo = 10020

Source: Walsh, Rice, McQueen and Yarger (1957)

Shock
Velooity

(mm/useo)

T.29
7.20
7.29

7.65

T.71
775

Qo = '0020

MOLYBDEN UM
Particle Pressure
Velocity
(mméusec) (x1lobars)
0.437 2%4,0
0,441 255.2
0.591 359.0
0.606 362.3
(1.850 538.4
0.792 494 .7

MOLYEDENUM
Particle Pressure
Veloclity
(mméusec) (kilobars)
1.69 1226
1.70 1245
1.68 1250
2,06 1604
2,06 1618
2,07 1633

Source: McQueen and Marsh (1960)

Relative
Yolume

0.9233
0.9214
0.9008

0.8966
0.8631
0.8707

Relative
Volune

0.769
0.764
0.770

0.731
0.733
0.733
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Temperatures assc~clated with shock

Melyidenun

Tressure Temperature Residual

(xilobars)  behind shock  teaperature
(¢°) (69)
0 20 20
100 27 22
200 62 32
200 Q9 54
400 153 90
500 226 139
600 318 202
700 429 276
800 559 362
900 707 457
1000 871 560
1100 1051 670
1200 1244 786
1300 1449 905
1400 1665 1027
. 1500 1888 1149
1600 2116 1270
1700 2347 1387

Source: :lc.ueen and larsh, 1960
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Shock
Velccity

/u.sec

5.417
54653
5.620

6.031

5.969
5.952

= 8.86
0

NICKEL

Particle Pressure
Velocity

(mg/usec) (kilobars)
0.490 235.0
0.678 330.4
0.687 341.8
0.957 511.0
0.982 519.0
0.887 467.4

Source: Walsh, Rice, ilcJueen and Yarger (1957)

Shook
Ve’uﬂlfy

/usec)

6.95
6.99
T.11
7
Te
7

7
7
80

QO = 8086

NICKEL

Particle Pressure
Veloc;tv

/usec) (kilobars)
1.64 1009
1.64 1014
1.62 1022
2.15 1478
e 17 1461
2.16 1490

Source: McQueen and Marsh (196G)

Relative
Telune

0.,9095
0.8801
0.8778

0.8413
0.8355
0.8510

Relative
Volume

0.764
0.766
0.772

0.724
0.721
0.723
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lieQueen ond liarsh, 1960

Temperatures assoclated with shock

. Tleel

: Pressure Tearerature Residual

i (1:1lobars)  belind shoel teapergturc

: (cO) (¢°)

0 20 20
100 43 22

200 83 34
300 132 5T
400 198 92
500 281 137
600 331 191
700 495 252
800 624 31
900 767 391
1000 002 466
1100 1087 Shh
1200 1263 623
13C0 1447 703
1400 1540 T34
1500 1327 864
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1500

1000

Temperature -°C

500

400 800 1200
Pressure-Kilobars
NICKEL
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o g

Shveersanre v

e

Fe e s

Shoek
Velocity

(mg%asec)

S51T7
S.311
5.642

Qo = 8.604

Source: Walsh, Rice, McQueen

NIOBIUM
Particle Pressure
Veloolity .
(mméueee) {kilobars)
0.5489 244 .5
0.T43A 341
0.9929 482

and Yarger (1957)

Relative
Volume

0.9040
0.8606
0.8240

g;
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Tenperatures associated with shock

Niobium

Pressure Temperature Residual
(kilobars) behind shock  temperature
(co) (c2)

0
100

150
200

250
300
Zgo

0
450
500

Source:

Rice, McQueen and Walsh, 1958
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400

Temperature -°C

e

T

o) 200 400
Pressure - Xilobars

NIOBIUM
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. NYLON

Shock Particle Pressure Relative
Velocity Velocity Volume
(mménsec) (kilobars)

e T — -
Sttty A AYC VD |

% w, T
g
N

w

o

e )
R

. 2,40 0.165 3.64 0.930
N 3051 00505 2606 00856
¥ 3.52 0.665 20,2 0.810
f 4,56 1.55 80.2 0.661
ﬁ o - 1014

Source: Wagner, Waldorf and loule (1962)
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Shock Velocity
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0 100
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0IL SAND#
? . Shock Farticle Pressure Relative
Veloocity Veloclity Volume
(mm%&sec) (mnéuseo) (kilobars)
5 5.69 2.21 242 0.612
5.48 2.26 231 0.588
T.45 3.80 540 0.490
T.31 3,78 546 0.483
7.79 4025 6:" 001’55
Q 0 = 1 084 -1 098
Source: Lombard (1961)
# McMurray formation, Pony Creek No. 2 core, Richfield
011 Co., Alberta, Oanada
!
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OIL SHALE#*
. Shock Particle Pressure Kelative
Velocity Veloclity Yolune
(mm&asec) (mnéusec) (kilobars)
Ore Grade# - High

4,86 1.27 96 0.739
533 1.59 135 0.701
5.96 1.97 189 0,669
6,23 2.26 219 0,637
Ore Grade - Medlunm
530 1.09 119 0.794
6,27 1.43 170 0.729
6.09 1.75 242 0.713
6,29 2,00 279 0.682
Ore dmde - Low
. 5.08 1.09 130 0.7¢5
5436 1.40 1Z5 0,738
600"* 1.75 2 1 007!0
. 641 1,98 286 0,691
01l Shale -~ Wet
4,43 1.64 110 0.630
5.16 2,68 222 0,507
5.25 2.11 164 0.590

Qo = High = 1,6; Medium = 2.2 - 2,3; Iow -~ 2,3; Wet = 1,51
Source: Iombard (196t%)
* Pony Orcek No. 2 core, Richfield 0il Co., Alderta, Canada

# Ore grade - a qualitative term denoting the relative
0oll gleld per unit volume of rock
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Shock
Velooity

(mm//«sec)

4,673
5.004
5.374

Qo - ,1095

Source: Walsh, Rice, MeQueen and Yarger (.1957)

PALLADIUM
Particle Pressure
Velocity
(mméusec) (x1lobars)
0.4728 262,5
0.6209 372
0.8219 531

Relative
Volume

0,8988
0.8761
0.,8471
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Temperatures associated with shock
. Palladiun
. Pressure Temperature Residual
(kilobars) ©behind shock  temperature
(co) (cO)
0 20
100 65
150 97
200 135
250 180
300 231
350 209
400 353
450 423
500 497

Source: Rice, lcQueen and larsh, 1953
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Source: ILos Alamos (private communication)
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AVCO PHENOLIC PIBERGIASS

Shock Particle Fressure Relative
Velocity Velocity Volume
(mméusec) (mm&asec) (xilobars)
2.19 0,444 18.5 0.797
2.43 0.568 26,2 0.766
3.03 0,866 49,9 0.716
3¢32 1.38 86.8 0.586
4,28 2.19 178.0 0.488
QO = 1,90

Source: Wagner, Waldorf and Louie (1962)

G E rarNOLIC FIBERGILASS .

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm%bsec) (mmﬁusec) (kiiodars)

3.69 0.385 27.5 0.896
3.8¢ 0.500 36.9 0.868
4,09 0.791 62.7 0.306
4,36 1.01 85.7 0,768
4,59 1.25 111.0 C.728
Qo - 1-94

Source: Wagner, Waldorf and Louie (1962)
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- CHOPPED NYLON PHENOLIC
Lo, Shock Particle Pressure Relative
; Velocity Veiocity Volume
; (mméasec) (mméusec) (k1lobars)
%
3.47 0.928 38.6 0.732
! 6.03 2.33 169 0.614
; T7.38 3,09 274 0.581
Q o = 1.20
Source: Wagner, Waldorf and Loule (1962)
TAPE WOUND NYLON PHENOLIC
Shock Particle Pressure Relative
Velocity Velocity Volume
. (mgéusec) (mq/usec) (xilobars)
. 3.83 0.433% 20.2 0.889
3.97 0.562 27.2 0.859
4,22 0.891 45.8 0.790
4,64 1.13 64.0 0.755
5.12 1.38 86.1 0.731

Source: Wagpver, Waldorf mnd Loule (1962)
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Cl
PLATINUM :
Shock Particle Pressure Relative ‘
velocity Velocity Volume

(mq/usec) (mméusec) (x1lobars)

4,199 0.329 295 0.9238
4,306 0.45%0 416.5 0.3943
4,495 0.,6102 586 0.8642
Qc = 2'037

Source: Walsh, Rice, McQueen and Yarger (1957)
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Tenperatures assoclated with shock
Platinun ¢ :
Precsure Tenperature Resldual -
(kilobars) Dbehind shock  temperature
(co) (cO)
0 20 ;,
100 46 € i
150 60 ! )
200 77 3
250 95 |
300 17 |
350 144
400 174
450 207
500 244

Source: Rice, clueen and Walsh, 1958
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PLAYA*

Shock Particle
Velocity Velocity

(mméusec) (mm&asec) (kilodars)

2,70 1.04
44,40 2,48
3.00 1.08
2,58 1.04
3.69 1 .60
4,47 2.52
4,36 2,50
5407 3454
524 3452

eo = 1,41 - 1,47
Source: Bass, Hawk and Chabal

Pressure

4o
148
48
29
87

166
160
264
271

(1963)

Relative
Volunme

# Samples from 100 ft depth, Nevada Test Site Area 5
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PLEXIGIAS

Shock Particle Pressure Relative )
Veloclty Velocity Volume
(mmjusec) (mméusec) (kilobars)
3.16 0.454 16.9
3.26 0.590 22,7
3485 0.916 41.6
4,17 te17 57.6
4,52 1.43 76.5
5.97 2.28 160

QO: %418

Source: Wagner, Waldorf ard Louie (1962)
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POLYETHYLENE

Shock Particle Pressure Relative
Veloclty Veioclty Volume
(mméusec) (mméoeec) (kilobars)

1.86 0.115 1.96 0,938
1.90 0.170 2,95 0.910
3.14 0.625 18.1 0.800
4.30 '033 5808 00723
4,88 1,44 64.5 0.706
QO = 0,92

Source: Wagner, Waldorf and Loule (1962)
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POLYSTYRENE
S?oc% Pa{ticle Pressure Relative
Veloocity Veloeclty Volume
(mméueec) (mm/usec) (kilobars)
2.7T4 0.140 4,07 0.948
3.72 0.320 12.5 0.914
3473 0.460 17.9 0.877
4,56 1.24 59.3 0.729
Q" = .05
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CRYSTALLINE QUARTZ

Shock Particle Pressure Relative
Velocity Velocity Volume

(mméusec) (mméusec) (kilodars)

2,88 0.43 56 0.900
4,74 0.67 94 0.809
4074 0051 99 0.863
5.14 0.82 116 0.847
4,85 0.86 126 0.841
4,88 0.86 126 0.843
5.11 0.83 126 0.842
5.18 0.87 122 0.837
5e24 0.92 135 0.829
564 1.24 189 0,785
5.61 1.21 184 0.788
AT 1.25 190 0.783
o1 1.23 196 0,783
5.68 1.30 198 0.773
5.61 1,26 200 0.770
5.61 1.71 263 0.705
5.69 1.69 269 0.707
5.76 1.82 277 0.690
6.29 2,70 430 0.5T1
6.66 2.70 511 0,566
6,95 3403 558 0.564
776 3442 703 0.589
7.70 3e52 708 0.?23
775 352 T1h C.
7.76 3449 718 0.5
Te75 3.52 723 0,548
Qo - 2.6

Source: Wackerle (1962)
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Shock Velocity-U
mm/usec

Particle Velocity-u
mm/pusec

CRYSTAL QUARTZ

Source: Wackerle (1962)
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Shock
Veloocity

(nm/usec)

4.&
:.67

70
4.97

4,96
5¢53
5.62
5462

2eat
7.28
Te30

QO = 2,204

Pressure
(kilobars)

FJUSED QUARTZ

Particle

Velocity .

(nméuaec)

1,04 17
1.40 153
1.41 157
1,90 211
1.95 217
3 i
2.78 346
3425 460
333 482
3.81 611
3.87 623

Source: Wackerle (1962)
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Relative
Yolume

0,791
0.717
0.716
0,624

0.614
0.501

0,509
0.512

0.49
0.
0,477
0.470
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Temperatures associated with shock

Crystalline quartz

Pressure Temperature Residual
(kilobars) behindoshock temper%ture
(c”) (0®)
0 20 20
50 36 20
100 117 81
144 203 151
150 206 156
200 2348 168
250 282 190
262 - -
300 336 214
350 398 248
383 454 282
400 640 465
450 1125 780
500 1630 1160
600 2650 1920
700 3665 2670
Source: Wackerle, 1962
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NOTS TP 3798
Temperatures assoclated with shock
Fused quartz
Pressure Temperature Recidual
(k4lobars) Dbehind shock  temperature
(co) (c°)

50 1 0
100 2 0
144 - -
150 3 0
200 4 0
250 5 0
262 5 0
300 495 470
350 1185 1155
383 - -
400 1895 1860
450 2560 2610
500 3390 3310
600 4890 4790
700 - -

Source: Wackerle, 1962
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Temperature -°C
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RAD 58B

Shock Particle Pressure
Veloclty Veloeclty

(mqéusec) (mqéusec) (kilobars)
1.43 0.298 5¢39
1.54 0.503 9.77
1.60 0.654 13.

1.92 1.02 24,7
2.13 1631 Sel
2.28 1061 603

Q° = 1.26

Source: Wagner, Waldorf and Louie {1962)
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OBLIQUE TAPE WOUND REFRASIL

Shock Particle Pressure Relative .
Veloclty Velocity Volume
(mm;usec) (mméusec) (xilobars)

2-87 00436 1906 00849
3.00 0.565 26,6 0.811
3.41 0.882 47.2 0.742
3.59 113 63.9 0.684
3.82 1.39 83.6 0,635
Qo = 1057

Source. Wagner, Waldorf and Louie (1962)
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RHODIUM

Shock Particle Pressure Relative
Veloclty Velocity Volume
(mm/usec) (mméusec) (kilobars)

5.476 0.4100 278.5 0.9250
5.865 0.7566 551 0.8710

\
Source: Walsh, Rice, McQueen and Yarger (1957)
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Ter peratures acsociated with shock

Rhodiun >
Pressure Temperature Residual .
k1lobars) tehind shock  temperature
(cO) (cO)

0 20
10 42
150 54
200 69
250 85
300 104
350 127
400 153
450 181
500 218

Source: Rice, licQueen and Walsh, 1958
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SILICA SAND#*
Shock Particle Pressure Relative
Veloecity Veloclity Volune
(mméasec) (mméasec) (k1lobars)

Dry Silica Sand - Porosity 41%

3413 1.17 58 0.626
J.23 1.16 59 0,641
3.42 1.61 88 0.529
347 1.70 93 0.510
4,26 2,25 150 0.472
4,24 2.23 153 0.474

Dry Silica Sand - Porosity 22%

3.45 1.07 75 0,690
3.70 1.46 116 0.605
4,78 2,03 197 0.575

Water-Saturated Silica Sand -~ Porosity 41%

4,53 0.98 90 0.784
5.00 1.45 143 0.710
5.63 1.94 213 0.655
5.59 1.93 216 0.655

Qo = Dry (porosity 41%) - 1,6; Dry (porosity 22%4) - 2.0; Wet - 2.0
Source: Base, Hawk and Chabal (1963)

* Pine, pure silica sand, called oven furnace sand,
composed of particles 80% of which have diamaters less
than 75 microns. Haximug particle size 150 microns,
Grain density 2.65 gm/cm”, the same as that of
erystalline quartz,
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Shock
Velocity

(mn/usec)

?0 = 10.94

Source: Walsh, Rice, Mciueen and Yarger (1957)

Shock
Velocity

(mméusec)

6
7
4

Aol o B
I O\N\O

Qo = 10094

SILVER

Particle
Velocity

(mm//sec)

0.504
0.527
0.7T17
0.985
1.010

S1LVER

Particle
Velocity

(mméusec)

0.93
2.19
4,05

Pressure

(kilobers)

214.9
227 .4
329.3
500.7
513.6

Pressure

(kilobars)

460

1550
4010

Relative
Yolume

0.8760
0.8719
0.8362
0.7967
0.7917

Relative
Volume

0.800
0.675
0.572

Source: Al'tshuler, Krupnikov and Brazhnik (1958)

Shock
Velocity

(mméusec)

ONONON  OvUTWN
L

~NOOh ~NW\O

DOV VoD
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SILVER
Particle
Velocity
(mq%usec)
1.77
1.78
2.14
2.17
2.16
2,17
10.94 Source:

Pressure

(kilobars)

1107
1109
1512

1509
1510
1530

McQueen and Marsh (1960)

Relative
Volunme

0.705
0.702
0.681

0.673
0.677
0.6T77
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Temperatures associated with shock

Pressure

Silver

Temperxature

(z1lobars) behind shock

0
100
200
300
400

500
600
700
800
900

1000
1100
1200
1300
1400

1500
1600

Source:

(c)

20
85
179
320
510

748
1029
1348
1701
2082

2460
2682
2903
3198
37125

4285
4875

Residual
temperature
(cO)

20
20
71

143

238

349
470
596
725
853

992
117

1241
1364

McQueen and Marsh, 1960
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IOW CARBON STEEL

Shock Particle
Velocity Velocity
(mg/usec) (mméusec)
5.15 0.300
5.16 0.305
5.14 0,311
5.15 0.316
5. 14 0.322
5.155 0.329
5.15 0.338
QO = 708
Source:

Pressure

(kilobars)

120.8
123.5
125.4
127.7

129.9
132.9
136.7

Katz, Dorran and Curran (1959)

Relative
Volume
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TACONITE .

Shock Particle Pressure Relative
Velocity Velocity Volume
(mméusec) (mméasec) (xilodars)

Iron
4,36 0.68 126 0.843
5.33 1,61 246 0.657
7.51 3.02 940 0.229 (?)
7.98 325 1140 0.593

Q° = 4,15 - 4,38
Rock
4,29 0.95 T4 0,780
4,23 1,59 200 0.624
T.41 4,05 679 0.453

Qo - ‘082 hed 2.“'

Source: lombard (1961)

#Banded Mesabi Range, Erie formation. The banding wes of the
same dimensions as the sample, hence the "iron™ samples are
almost pure iron while the "rook" samples . contain little Airon.
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TANTALUM

Shock Particle Pressure Relative
Velocity Veloeclity Volume

(mm//usec) (mm&a.s-ac) (kllobars)

3811 0
4,010 0
4,323 0

271.5 0.8865
383 0.8554
547 0.8222

432
580
.768

R T o L

N O3

Qo = 16,46

- ECNERC RGN

Source: Walsh, Rice, McQueen and Yarger (1957)
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NOTS TP 3798
Tenperatures associated vitr shock
Tantalun
Pressure Tenperature Resiaual
(tilobars) behind shock  temperature
(c9) (c9)
0 20
100 47
150 69
200 92
250 121
300 160
280 207
0 260
450 315
500 379

 Source: Rice, McQueen and Walsh, 1958
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%
TEFLON
) Shock Particle Pressure Relative

Veloclty Veloclty Volume
(mg;usec) (mméusec) (kilobars)
1.85 0,263 10,5 0.859
2.08 0.410 18.4 0.803
2.49 0.578 3.1 0.767
3.03 0.837 54,8 0.723
3.32 1.06 7€.4 0,679

Qo - 2616
Source: Wagner, Waldorf and Ioule (1962)
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¥

T e PR e S

go = 11.84

Source:

Q° = 11.84

Source:

THALLIUM
Partiocle Pressure
Velocity
(mméuseo) (kilobars)
0.6416 213
0.6386 213
0.8446 312
0.8406 313
1,090 456.5
1,089 456.5

Walsh, Rice, McQueen and Yarger (1957)

THALLIUM
Particle Pressure
Veioecity
(mméusec) (kilobars)
1.65 864
1.65 862
1.65 862
2.15 1306
2.37 1515
2.37 1516
<37 1517

McJueen and Marsh {1960)

Relative
Volume -

0.7712
0.7733
0,7293

0.7327
0.6919
0.6925

Relative
Volume

0.627
0.626
0.626
0.581

0.560
0.561
0.561

285

o 2l )
LI

e aalng, #




1

Pressure—Kilobars

NOTS TP 3798

b Y

>

02 8

® 3
P

§ =

9 E

n

D
-

0

200 300 400 500
Pressure-Kilobars

o
o
o
-

750

o

|

286

0.6 0.8
Reiotive Volume V/ Ve

THALLIUM

1.0




el T R S TOEASIOEET Re o MWOTHR SNAL DS Ty SEs T50 brima 2

§
£
H NOTS TP 3798
? Temperatures assoclated vith shock
. Thallium
. Pressure Teaperature Resldnal
(kilobars) behind_shocl  tenperature
(c) (cO)
0 20 20
100 211 78
200 537 245
300 857 303
400 1503 502
500 2374 723
600 3412 940
700 4614 1148
800 5988 1345
500 7552 -
1000 9340 -
1100 11417 - =.
1200 13827 - %
12C0 17067 -
1500 21607 -
1500 30627 -

Source: llec.ueen amd lMarsh, 1960
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NOTS TP 3798

THORIUM
Shock Particle Pressure Relative
Veloeity Velocity Volunme
(mméasec) (mm/«sec) (ki1lobars)
3.497 1.043 426,0 0.7017
. 3.192 0.812 302.7 0.7456
. 2.954 0.620 213.9 0.7901
} 2,900 0.571 193.4 0.8031
i qo = 11.68
Source: Walsh, Rice, McQueen and Yarger (1957)
THORIUM
Shock Particle Pressure Relative
. Velocdty Veloecity Volume
(Wsec) (mm/usec) (k¥1lobars)
| 4,51 1.90 1003 0.578
4,53 1.94 1026 0.572
5.16 2.32 1400 0,550
5.11 2,31 1378 0.548
5.09 2433 1234 0.543
5.10 2,36 1305 0.538
Qo = ’1068
Source: MoQueen and Marsh (1960)
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Tenperatures assoclated 7Ath shock

Thorium
Pressure Teanerature Residual
(I1lobars) behind snoei.  temperature
(c°) (¢c0)
0 20 20

100 129 67
200 394 238
30 801 491
400 1304 781
500 1849 1079
600 2435 1366
T00 3009 1632
800 3386 1750
000 3355 1895
1000 4818 2285
1100 5856 2677
1200 6966 3071
1300 8145 3464
140C 9393 3855
1500 10707 4243

Jource: liciucen and liarsh, 1960

291




LA 0 ST S

%
:
Ll
:
3
2
:
)
i
2
&
{
¢
e
f
,

'y
T
USSP AR, T 5 e B g
PEIEGS AR FU U L b 0 RS SRR | a B S 7 e e 66 e s s - 3 50 S 20 ¢ v e e s gnn A

NOTS TP 3798

10000

6000

Temperature -°C

2000

400 800 1200

Pressure - Kilobars

THORIUM

292




s

3

P 5 AR
AR T o R R

Qo = 7.28
Source: Al'tshuler, Krupnikov and Brazhnik (1958)

TIN

Shook Partiole Pressure Relative
Velooity Veloclity Volume

(m%éusec) (mméusec) (kilobars)

5.57 1.95 790 0.651
6.71 2.80 1564 0.583
6.80 2.78 1377 0.591
6.75 2.81 1378 0.584
QO = 7.28

Source: MoQueen and ¥arsh (1960)

" B Fet N g Ik S s S s e e T - B
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NOTS TP 3798
’ TIN
T Shock Particle Pressure Relative
Veloclity Velocity Volune
(mm;usec) (mm/uaec) (k4lobars)
4,555 1.290 427.8 0.7168
4,435 1.190 384,2 0.7217
4,004 0.925 269.6 0.7690
3557 0.705 182,.6 0.8018
3.524 0.670 171.9 0.8098
eo - 7.28
Source: Walsh, Rice, MeQueen and Yarger (1957)
TIN
Shock Particle Pressure Relative
Velocity Veloolty Volunme
(mméuseo) (mmﬁusec) (kilobars)
. 4,20 1.08 330 0.741
6.36 2.59 1200 0.833%
9.02 4,73 3100 0.476
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Teaneratures associated vith shock

. Tin
Iressure Tenverature Residual
. (kilobars) behind shocl:  tenperature
(cO) (69)
0 20 20
100 162 63
200 436 198
300 508 T 232
400 924 341
500 1556 565
600 2312 - 795
700 3182 1025
300 4169 1252
900 5102 1476
1000 6357 1697
1100 7637 1921
1200 9017 2147
1300 10487 - !
1400 12047 -

Source: !lcQueen and Marsh, 1960

295




g R R (P . L R g e TEE t Bt Sea ek e M o PR A 2T RTINS B, R ARG S AL 2 Nl Ta

NOTS TP 3798

e B e B

12000 ;
O ?
0
]
et
2
S 6000
1))

Q.
S
'...

O 400 800 1200 |

Pressure - Kilobars |

TIN |

296

© RO TR TECEATRUA S oo swnen. e T




e

3 e

PR AR 2

5
Y

R S L *3%.#@‘:%“%5%@%
»

NOTS TP 3798
TITANIUM

Shock Particle Pressure Relative
Veioclity Velocity Volume
(mméusec) /aaec) (xilobars)
6.329 1.370 390.8 0.783%
5.790 0,980 255.7 0.8307
5.501 0.723 179.3 0.8686
5.469 0.684 168,6 0.8749
QO - A.S‘
Source: Walsh, Rice, McQueen and Yarger (1957)

TITANIUM
q

Shoeck Particle Pressure Relative ;
Veloclty Velocit Volume
(mg/usec) /aseo) (k¥ilodars)
Te35 2.30 762 0.687

20 2.29 764 0.691

2.29 758 0.689
7 94 2,97 1063 0,626
7692 2,97 1060 0.625
Qo =4
Source: MecQreen and Marsh (1960)
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Temveratures ascociated witk shock

Pressure

0
100
200
300
400

500
600
700
800
900

1000

Titaniun
Tenperature Residual
(kilobars) behind shoekx  teuverature
(c°) (c9)
20 20
30 29
133 73
262 154
A4 268
664 406
926 561
1217 727
1503 877
1721 957
2115 1154
2550 1363

1100

wo.aree:

e lveen and arsi, 1960
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VOLCARIC TUFY
Shook Particle Pressure Relative
Veloocity Velocity Volume

(mqéasao) nn/usec) (xilodars)

Voleanic Tuff - Dry

2,627 0.869 3
333 ‘0340 71”
3433 1.329 T7
3.78 1.73 105
2.71 1.72 109

«299 1.626 132
4,76 2.3 181

Voloanic Tuff - Wet

4,05 1.236 94
4,13 ie27 95
4,09 1.230 96
4.411 1.61 130
4,40 1.60 133
4.61 1.59 136
2.01 2,02 171
79 2,24 19
5.23 2,25 22

Qo = Dr¥ - 1.60 - 1.88; Wet = 1,79 = 1,90
Source: Iombard (1961)

(1) fTunnel U124, Nevada Teat Site

5 6695
0.598
.613

0.6218(1

0.536 §2§
0.515

o

.

O\

W

N
DO PO

A S

2

(2) fTunnel U12B, Nevada Test Sits, mined near Ruinier

(3) origin undetermined
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VOLCANIC TUFF ’
Shock Particle Pressure Relative .«
Velocity Velocity Volume
(mméasec) (mnéusec) (kilobars)
Dry Volcanloc Tuff
2,24 0,95 31 0.576 (5 |
3470 1,58 85 0.573 (5
4,28 2,28 143 0.467 (5
4,20 2,50 153 0.405 (5
4,78 2,90 202 0.393 (5
2,68 1,00 39 0.627 (4
3456 1.57 82 0.566 24
4,03 2.50 147 0.380 (4
4,24 2.46 152 0.420 (4

302

Water-Saturated Volcanic Tuff

3.42 0.90
4,26 1.45
5.49 2.8'

Qo= DIy - 1.46; Water-saturated - 1,74

53
108
270

Source: Bass, Hawk and Chabal (1963)

(4) PFevada Test Site Area 16
(5) Nevada Tect Site Area 3

0,737 §4§
0.660 (4
0.4 5
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Pressure—Kilobars
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TUNGSTEN
Shock Particle Pressure Relative
Velooity Velocity Volume
- (m&sec) (mm//45ec) { ~..obars)
4456 0.45 395 0.901
4,55 0.45 394 0.901
4,78 0.64 587 0,866
4,82 0.64 590 0.868
5.47 1417 1225 0.786
5.49 1.17 1227 0.788
6.21 173 2061 0.721
6.19 1.73 2054 0.721
6.24 1,73 2074 0.723
Q 0 - ‘90 ‘7
Source: McQueen and Marsh (1960)
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Shock Velocity mm/u sec

Pressure—Kilobars

| 1 b {
p- —
Q
L L i |
500 1000 1500 2000
Pressure—Kilobars
T ]
i000
800
600
400
200
0 | ]
0.7 " 08 09 1.0

Relative Volume V/ Vo
TUNGSTEN




-~ o -

Temperatures associated with shock

iressure
(xilobars

0
100
200
300
400

500
600
700
800
900

1000
1100
1200

1200

1500
1600
1700
1800
1200

2000
2100

Source:

Tungsten
Temperature Residual
)  behind shock  tenmperature
(c°) (co)
20 20
35 21
56 30
89 48
136 79
199 121
279 176
375 241
488 316
617 401
761 494
920 504
1092 700
127 802
147 928
1681 1048
1898 1170
2123 1295
2356 1421
2596 1547
2841 1674
3090 1800

MeGueen and M » 1960
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VANADIUH

Shock Particle Pressure Relative
Velocity Velocity Volume
(mméusec (mmjusec) (xilobars)
5.78 0.58 204 0.900
5.73 0,58 203 0.898
«16 0.80 301 0.870
6.07 0.81 301 0.866
6.08 0.81 302 0.866
6.05 0.82 301 0.865
6.08 0.81 301 0.866
6.50 1.11 441 0.829
6.46 1.12 441 0.827
T.29 1.86 825 0.746
7.28 1.86 825 0.745
Ted2 1.85 828 0.747
T34 1.85 829 0.748
8.20 2.59 1244 0.697
8.17 2,49 1241 0.695
eo = 601

Source: MoQueen and Marsh (1960)

309




- gy

NOTS TP 3798

@

0))

Shock Velocity
mm /i sec

310

Pressure—Kilobars

500 1000
Pressure—Kilobars

1200 } -

800} 0\ -
400} ‘\) .
0 L \

0.6 0.8 1.0
Relative Volume V/ Vo

VANADIUM




 EUTR B RNRGRAAGEIRS R, e e Sty aee ]

NOTS TP 3798

! NS FAP s 27BN 120 = 4

Tenperatures assoclated with shock

iressure
(1z:Aludbars

0
100
200
300
400

500
600
700
800
900

1000
1100
1200
1300

Source:

Vanadiun

Temperature Residual
) behind shock  tenperature

(co) (co)

20 20

45 24

87 44

155 84

. 251 144

374 222

523 314

697 419

892 533

1106 655

1338 783

1584 913

1841 1046

2109 1178

McJueen and Marsh, 1960
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Z2INC
Shoek Particle Yressure Relative
Veloclty Velocity Volune
nm/usec) (mméusec) (kilobars)

7
4,019 0.673 193.0 0.833
3,850 0.615 169.1 0.840
4,418 0,842 265,6 0.809
4,663 1,008 335.6 0.784
4,684 i.043 348,7 0.777
4,791 1,121 383.5 0.766
4,792 1.172 401.0 0.755
4,815 1.197 411.5 0.751
Soarce: Walsh and Christian (1955)
2INC

Shock Particle Pressure Relative %
Veloclity Velocity Volume
(mg&usec) (muéusec) (kilobars)
581 1.80 745 2.690
5.82 1.80 747 0.691
5.78 1.80 T43 0.688
7.22 AYA 17204 0.62%
7.34 271 1416 0.631
T30 2.69 1403 0.631
Qo = 7. 14

g source: Mci.ueen and karsh (1960)
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Shock
Veloclty

(mméusec)

5.014
5,870
4, 481
4,450

4,053
4.13
4,022

QO = 7,135

Source:

Shock
Veloclty

(mgéusec)

4.70
6.85
9.90

QO - 7.14

Source:

Particle
Velocity

(mmjusec)

1.250
1.190
0.88

0.894

OQGw
0,673
0.6”

ZINC

Pressure

(xilobars)

447
L4
281.4
283.9

188
198.3
180.8

Walsh, Rlce, McQueen and Yarger (1957)

ZINC
Particle Pressure
Veloolty
(mm/wsec) (kilobars)
1.04 3
2.54 12
4,61 3260

Relative
Volume

Relative
Volunme

0.781
0.629
0.535

Al'tshuler, Krupnikov and Brazhnik (1958)
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Tenreretures associoted with shoel:

Jine
Pressure Tenperature Residual
(XAlodors)  behlnd shock  tennerature
(co) (co)
0 20 20

100 122 37
200 274 101
300 495 197
400 780 310
500 1102 419
600 1223 419
700 1363 426
800 1810 544
200 2305 660
1000 2846 TT4
1100 3431 885
1200 20%2 -
1300 -
1400 5154 -
1500 6225 -

Source: Melueen and ilarsh, 1960
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Temperature -°C
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ZIRCONIUM .
Shock Particle Pressure Relative
Velocity Veloecity Voluae

(mgéusec) (mméasec) (kilodbars)

4,494 0.7117 207.5 0.8416
4,674 0.9563 290 0.7954
4,920 1.275 407 0.7408
Qo = 6049 %

Source: Walsh, Rice, Mcuueen and Yarger (1957)
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Tenpematures assoclated with choclt

Zirconiuna

Pressure Terniverature Residual

(kilobars)  Vbehind shock  temperature

(co) (c°)

0 20
100 55
150 92
200 143
250 214
300 298
350 395
400 503
450 616
500 737

source:

320

Rice, licQucex and Valsk, 1953
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